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Abstract 
Actuation and control of Robotic microswimmers at low Reynolds number using 
magnetic fields 
 
U Kei Cheang 
Min Jun Kim, Ph.D. 
 
 
 
 
Microrobotics is a field of engineering with the goal to find suitable and simplistic ways to 
navigation and perform tasks in small spaces that is not easily accessible in a non-invasive manner 
using conventional means. The microrobots/microswimmers studied in this work have the 
capability to swim in microfluidic spaces at low Reynolds number and have promising potential 
for various biomedical applications; including, and not limited to, drug delivery which is the 
envisioned application in this work. In drug delivery, the main contribution of microswimmers is 
the use of precise control to navigate drug carriers to target sites and mechanical forces to overcome 
physical barriers en route. Here, the hydrodynamics of swimming in low Reynolds number 
environments and control strategies for manipulation of magnetic microswimmers were studies. 
The first and foremost principle is the low Reynolds number condition which implies that 
microswimmers in motion, due to their small size and velocity, ignore inertial forces. This is 
problematic due to the ineffectiveness of conventional swimming motions, such as that of fishes, 
and hinders the development of artificial microswimmers. Most existing artificial microswimmers, 
inspired by various microorganisms, focused on using chiral or flexible structures to generate non-
reciprocal swimming motions in low Reynolds numbers; this inevitably brings complicity to the 
swimmers’ structures and fabrication process. Here, it was shown that magnetically actuated simple 
microswimmers can be fabricated and controlled using self-assembly of magnetic beads; hence 
called bead-based microswimmers. This approach offer simplicity in both geometrical design and 
fabrication, at the same time, offer easy scalability in both physical size and deployment number. 
Notably, the simplest bead-based microswimmer is the three-bead achiral microswimmer which 
xv 
can produce propulsion through rotation with neither flexibility nor chirality. An achiral 
microswimmer is composed of three firmly connected magnetic beads, at the length scale of 10 
µm, and relatively easy to fabricate with low cost and manufacturing time. A magnetic control 
system with approximate Helmholtz coils was used to control the microswimmers. Both directional 
and velocity control were successfully implemented to navigate the microswimmers at low 
Reynolds number. Multi-robot manipulation, modular robot control, and PIV characterization had 
been explored. Moreover, nanoscale swimmers had been fabricated and controlled in a similar 
manner, but imaging limitations confined most analysis within the microscale regime. The 
implication of the swimming phenomenon and robotic control demonstrated the potential to 
revision future developments of microrobots for biomedical applications by advancing the existing 
paradigms of low Reynolds number propulsion; possibly enabling simpler fabrication and design 
of micro- and nanoswimmers; and to take an important step towards addressing realistic concerns 
that had hindered the development for practical applications. 
 
  
1 
Chapter 1 : Introduction 
 Micro- and Nanorobotics 
There has been a great deal of interest in micro- and nanorobotics with many applications 
including micromanipulation and microfabrication (Ferreira et al. 2004, Zhang et al. 2005), drug 
delivery and therapeutic mechanisms (Nelson, Kaliakatsos, and Abbott 2010, Sitti 2009, Martel et 
al. 2008, Cavalcanti et al. 2008, Steager, Sakar, Kim, et al. 2011, Kagan et al. 2010), tissue 
manipulation (Zhang et al. 2005, Kim, Qiu, et al. 2013), and in situ sensing (Liu et al. 2009), such 
as in vivo diagnostics (Grady et al. 1990, Martel et al. 2007, Mathieu, Beaudoin, and Martel 2006). 
Most biomedical procedures are limited by the size of the instruments and the dexterity of the 
operators; thus, the potential to use microscopic devices to perform engineering task with 
microscale resolution can be a transformative breakthrough. In particular interest to this work is 
delivery drug. Micro- and nanorobotics hold the promise of providing targeted delivery for 
maximal therapeutic value while minimizing possible side effects, for example, in chemotherapy. 
Currently, the most used drug delivery method is systemic administration which exposes the entire 
body to the medication leading to side effects such as Nausea and hair loss during cancer 
chemotherapy (Love et al. 1989). The undesirable side effects are due to toxicity to healthy cells 
as the chemotherapy agents circulate the body. Thus, it is clear that the main challenge is to increase 
accumulation of drug at the tumor site and reduce exposure to the rest of the body. Micro- and 
nanorobotics can provide a means to actively target a deceased site using a wirelessly powered 
propulsion system and to penetrate biological barriers using mechanic forces. For instance, micro- 
and nanoswimmers can penetrate mucosal and epithelial barriers, and move through soft tissues 
such as organs and tumors to reach its final destination.  
In this work, the focus will be on a type of microrobot called the bead-based microswimmer. 
They are designed to be geometrically simple, low cost, magnetically controllable, and surface 
functionalizable. Geometrically, this microswimmer consists of assembly of micro- or 
2 
nanoparticles into achiral or chiral structure that is capable to swimming in micro- and 
nanoenvironments. Micro- and nanoparticles can be fabricated in lab or purchased commercially, 
and can incorporate magnetic material such as iron oxide to allow for wireless magnetic control. 
They are also commonly used with surface functionalization for various applications. With these 
properties, a bead-based microswimmer can be versatile to address a number of challenges in 
particulate drug delivery systems (DDS). Essentially, combining the benefits of currently particle 
technologies and particulate drug delivery research with the controllability of microrobotics, it is 
envisioned that the bead-based microswimmers can further contribute to the paradigm of drug 
delivery. 
 Nanobiotechnology for Drug Delivery 
In recent years, nanotechnology is considered to be one of the most significant technological 
advances, having been cited to be “… as significant as the steam engine, the transistor, and the 
internet” (Paull et al. 2003). Vast interests and funding led to rapid developments in 
nanotechnologies and bioengineering which opens the world to new research initiatives. 
Developments in drug discovery, biopharmaceuticals, diagnostics, medical devices, and drug 
delivery can lead the way to address many medical problems in an unprecedented manner by 
studying biological systems at the nanoscale resolution (Paull et al. 2003, Zhao et al. 2011). Of 
particular interest to this work, as well as being one of the major focus in nanobiotechnologies, is 
drug delivery.  
 Nanoparticle Drug Delivery System 
The goal of using drug targeting is to concentrate drug at specific sites with the benefit of 
reducing the quantity of administrated drug and have fine control over the release rate at the desired 
time. This can increase the efficiency and effectiveness of the treatment while avoiding the harmful 
side effects from systemic administrations where the entire body is affected. The use of 
3 
nanoparticles is one of the most promising technology for drug administration with the benefits of 
nontoxicity, biocompatibility, injectability, and high-level accumulation in the target tissue or 
organ, to name a few (Barakat 2009). The concept of using nanoparticles to revolutionize the field 
of oncology rely on a mechanism called enhanced permeability and retention (EPR) (Prabhakar et 
al. 2013, Mansilla et al. 2012). The idea is to accumulate of drug in the areas with leaky 
vasculatures near the tumor (Torchilin 2011, Davis 2008, Jhaveri and Torchilin 2014). 
The use of EPR is referred to as “passive targeting”. The drawback of passive targeting is the 
uptake of drug by normal healthy cells. To increase selective binding to targets, particles are coated 
with ligand to promote binding with specific receptors of disease cells (Davis 2008, Wu and Chang 
2010). This is known as “active targeting”, which still makes use of the EPR effect from passive 
targeting, but with the added benefits of the selectivity of receptor-specific bindings.  
Nanoparticle drug carriers can be introduced into the body by intravenous (IV) injection into 
the circulatory system. Nanoparticles retained in circulation will eventually extravasate to the tumor 
using EPR effect. The common problem with IV administration is bioavailability. Intratumoral 
injection is an option to directly introduce drug to the tumor, but the limited accessibility to the 
tumor site may require surgical excision which can be invasive. 
 Micro- and Nanorobotics in Drug Delivery Systems 
Within current developments in particulate drug delivery systems, the most active form of 
targeting is to use ligand coated particles for selective binding to tumor cell receptors. For this to 
play a role, first the particles have to accumulate at the site of the tumor which relies on the EPR 
effect (Prabhakar et al. 2013). Effectiveness of accumulation due to EPR depends on many factors  
(Prabhakar et al. 2013, Kobayashi, Watanabe, and Choyke 2014) including local blood flow, 
permeability of the tumor vasculature, and physical barriers, resulting in a modest specificity of 20-
30% increases in delivery to tumors compared with normal organs (Kobayashi, Watanabe, and 
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Choyke 2014). Overall and in theory, the use of nanoparticles is an improvement over systemic 
drug administration, but there still remain vast room for improvements. The difficulty to introduce 
mechanisms for enhancing accumulation and targeting is due to the lack of direct manipulation in 
such small spaces. Where the particles go relies heavily on uncontrollable factors such as bloodflow 
during circulation and convective forces during extravasation  (Prabhakar et al. 2013, Kobayashi, 
Watanabe, and Choyke 2014). For the particles that are able to reach the tumor, high interstitial 
forces and extracellular matrix can mechanically drive particles away (Prabhakar et al. 2013, 
Kobayashi, Watanabe, and Choyke 2014). In addition, the heterogeneity of tumor vessels and 
intracellular intake of drug can also be unpredictable.  
The use of micro- and nanorobotics makes it possible for direct manipulation using external 
forcing. While robotic control may not necessarily dominate all of the ongoing processes during 
drug delivery, direct manipulation can offer ways to overcome adverse flows/pressures and 
penetrate physical barriers. Another added benefit is the nonspherical shape of the swimmers can 
prolong circulation times which increases the number of “chances” to permeate the leaky blood 
vessels of the tumor (Oltra et al. 2013). Microrobotics specific to this work aims to address key 
several challenges in robotic control for drug delivery: 1) the maneuverability and swimming force 
of magnetic swimmers, 2) en mass manipulation using multiple robot control, 3) structural 
reconfiguration for adapting heterogeneous environments, and 4) scalability from micro to 
nanoscale. 
 Low Reynolds Number Constraint 
In microfluids, Reynolds number is a key quantity for designing and fabricating devices. In 
microrobotics, the swimming mechanism for the microswimmers must comply with the conditions 
of low Reynolds number environments. 
The dimensionless quantity called Reynolds number is a characterization of the ratio of 
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inertia forces to viscous forces. Low Reynolds number condition, in particular, deals with 
microscale objects. To bring this into perspective, consider a man swimming in water whose 
Reynolds number is 104 compared with a bacterium also in water with a Reynolds number of 10-5 
differs greatly in the significant of the various forces involved. The physical implication of low 
Reynolds number is that the lack of a noticeable inertia which allows a moving object to stop almost 
instantaneously when all propulsive forces stop, rather than slowing down then stop. Similarly, a 
nonmoving object will not speed up when a constant force is applied; rather, the object will 
instantaneously move at the stable velocity. In this paper, Purcell presented a comprehensive report 
on the fundamental principles of low Reynolds number fluidic condition and introduced various 
nonconventional swimming strategies that are capability moving in this condition. 
Low Reynolds number regime exist in microscale, which means the size, mass, and velocity 
are extremely small compare to macroscale. Reynolds number can be characterized as  
ܴ݁ ൌ ݅݊݁ݎݐ݈݅ܽ ݂݋ݎܿ݁ݏݒ݅ݏܿ݋ݑݏ ݂݋ݎܿ݁ݏ ൎ
ܽݒ
ߥ  (1.1)
where ܽ is the characteristic length, ݒ is the velocity, and ߥ is the kinematic viscosity. 
In low Reynolds number, nonconventional means must be considered for locomotion. 
Without the consideration of inertia, everything can be reversed back to original configuration 
because time does not make a difference. As long as the motion pattern is the same over time, there 
will be no movement. This can be explained by reducing the Navier-Stokes equation 
(incompressible flow) using the low Reynolds number assumptions. 
െߘ݌ ൅ ߟߘଶݒԦ ൌ ߩሺ߲ݒԦ/߲ݐሻ ൅ ߩሺݒԦ ∙ ߘሻݒԦ (1.2)
The inertia terms are negligible due to zero of acceleration in low Reynolds number. As a 
result, the Navier Stokes equation is reduced to the Stokes equation. 
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െߘ݌ ൅ ߟߘଶݒԦ ൌ 0 (1.3)
The Stokes equation only accounts for the pressure gradient and the viscosity showing time 
is taken into consideration, only the motion pattern matters. An example is the inability of the 
scallop to swim in low Reynolds number due the reciprocal motion of the scallop restricted by the 
one degree of freedom in configuration space. In essence, nonreciprocal motion is the basis for 
swimming in low Reynolds number because it creates a change in configuration space. Purcell 
made four hypothetical swimmers, the cyclic deformation body, the two-hinge swimmers, the 
flexible oar, and the corkscrew 
In the context of microrobotics, a microswimmer swimming at microscales vastly differs 
from swimmer at macroscales due to the importance of viscous damping compared to inertial 
forces, reflected in the extremely small Reynolds number of microswimmers (often < 10-2). Their 
hydrodynamics are thus well-described by the Stokes flow equations, the zero-Reynolds-number 
limit of the Navier-Stokes equations, as shown in previous paragraphs. The Stokes flow equations 
are linear and obey kinematic reversibility: if the external forces and motion of boundary surfaces 
are reversed, then the flow velocity at every point in the fluid reverses (Purcell 1977). A 
consequence of these properties is Purcell's Scallop Theorem, which says that for swimmers with 
no net external force and torque, “reciprocal” swimming strokes are ineffective in Stokes flow 
(Purcell 1977). A reciprocal motion is one which traces the same sequence of configurations 
forward and backward in time. Many conventional macroscale swimming strategies, such as a rigid 
fin flapping back and forth, are reciprocal, hence ineffective for microswimmers. 
Since the Scallop theorem applies to most biological microswimmers, the creation of non-
reciprocal swimming motions has been viewed as a challenging design objective for magnetically 
actuated microswimmers. To better understand and design artificial microswimmer, many research 
look to biological examples in nature. 
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 Bio-Inspired Engineering and Locomotion 
In order to properly address the challenges in active targeted drug delivery using micro- and 
nanorobotics, locomotion of the robotic delivery vehicles must be suitable to navigate inside a 
human body. The conditions that the swimmer must overcome are 1) low Reynolds fluidic 
environment, 2) complex fluidic environment, 3) soft tissue obstacles, and 4) adverse flow. As 
mentioned, under the Low Reynolds condition, the microswimmer must comply with microfluidic 
transport phenomena which is fundamentally different from their macroscale counterpart (Lauga 
and Powers 2009); therefore, most of the macroscale propulsion strategies cannot be used (Purcell 
1977). 
Biologically inspired methodologies became a promising approach. As more is understood 
from microorganisms and their propulsion systems, it became apparent that bio-inspired 
engineering have a great potential to overcome the conditions mentioned. More prominent is the 
bacterial flagellar propulsion system which has been thoroughly studied for its effectiveness in 
swimming and the relative ease to model.  
Single-flagellated bacteria such as Caulobacter crescentus and Rhodobacter sphaeroides can 
also achieve propulsion in viscous environments through the rotation of their single flagellum. 
Multi-flagellated bacteria such as Escherichia coli and Salmonella typhimurium produces 
propulsion in a viscous environment by rotating their flagella into a rigid helix. The flagella can 
rotate counterclockwise to form a bundle of flagella filaments which propels the cell forward. Two 
flagellar filaments bundled can induce flow that is similar to a single flagellum with twice the radius 
(Kim et al. 2004). The fundamental principle for bacterial propulsion is spiral waveform of their 
rotating flagella which  waveform allows the bacteria to employ corkscrew swimming, or spiral 
swimming (Purcell 1977, Keaveny and Maxey 2008). Bacteria using this waveform can navigate 
as well as penetrate various environments in the human body. The understanding of the 
8 
evolutionary process of biological locomotion at low Reynolds number is essential to optimization 
of robotic micro- and nanoswimmers. 
 Literature Review of Microrobots 
The revolutionary potential of micro/nanorobotics to significantly reduce the invasiveness of 
surgeries have facilitated many studies to improve localized drug delivery by providing the 
possibility for high controllability in directing drug load units to target specific individual cells, and 
nowhere else (Purcell 1977). Magnetic particles had been widely established as an effective 
material for robotic nanoparticle drug delivery methods, steered and pulled using magnetic 
gradients, they can enhance targeting capability over traditional methods of using enhanced 
permeability and retention (EPR) effect and targeting moieties (Sun, Lee, and Zhang 2008, Dobson 
2006). However, the use of gradient force may be relatively ineffective against high drag force, 
especially in decreasing scales (Abbott et al. 2009, Vartholomeos et al. 2011). To enhance 
propulsion capabilities in small scales, many efforts followed Purcell’s work on nonreciprocal 
swimming (Purcell 1977) to develop strategies for low Reynolds number locomotion by utilizing 
biologically inspired mechanisms such as the bacterium-like rotating helical microswimmers 
(Tottori et al. 2012, Ghosh and Fischer 2009, Cheang et al. 2010, Temel and Yesilyurt 2011, Peyer, 
Zhang, and Nelson 2011b) and the sperm-like flexible microswimmers (Dreyfus et al. 2005, Gao 
et al. 2012a, Pak et al. 2011). Other work such as the electrically controlled microbiorobot (Steager, 
Sakar, Kumar, et al. 2011), magnetically steered ciliate protozoa (Kim et al. 2010), chemically-
driven propellers (Manesh et al. 2010, Solovev et al. 2009, Hong et al. 2007, Gao et al. 2013), 
optically-deformed 3-bead systems,(Leoni et al. 2009) bi-flagellated micro-objects (Mori, 
Kuribayashi, and Takeuchi 2010) demonstrated effective low Reynolds number propulsion; while 
the helical micromachines (Tottori et al. 2012), the sperm-driven microrobots (Magdanz, Sanchez, 
and Schmidt 2013), the microdrills (Xi et al. 2013, Solovev et al. 2012), and magnetic microrobots 
(Kim, Qiu, et al. 2013, Dogangil, Ergeneman, Abbott, Pané, et al. 2008, Fusco et al. 2013) 
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demonstrated feasibility for biomedical applications such as minimally invasive surgeries (MIS) 
and drug delivery as well as cell and tissue manipulation. In particular, the nanovoyager 
(Venugopalan et al. 2014) demonstrated low Reynolds number locomotion in biological 
environments; this served as a great example of the potential to use microrobots for biomedical 
applications. 
Much work had been done to study the principles of low Reynolds number swimming and 
the respective swimming strategies. Many theoretical analyses involved impractical swimming 
method and were used mainly to support theories and hypothesis. The ultimate goal of this field is 
to develop practical ways to navigate miniaturized robots in low Reynolds number in order to 
perform tasks in microscale; hence, most experimentalists often look to the helical corkscrew for a 
practical, simple, and effective solution. 
 Helical Microswimmers 
The most common type of microswimmers are the helical microswimmers (Tottori et al. 
2012, Ghosh and Fischer 2009) due to their fabrication capabilities, size scalability, controllability, 
and demonstration of performing tasks. There a number of fabrication methods to create helical 
microswimmers including direct laser writing (Tottori et al. 2012), self-scrolling technique (Zhang 
et al. 2009), or glancing angle deposition (Ghosh and Fischer 2009). There were three geometrical 
parameters to consider for helical swimmers: 1) length, 2) diameter, and 3) helix angle. Since the 
helical geometry converts rotation motion to translation motion, controlling the geometrical 
parameters can determine the swimmers’ velocity in relation to rotational frequency. The 
characterizing equation for the velocity can be written as 
ܷ ൌ ሺܥ௡ െ ܥ௟ሻ sin ߠ cos ߠ2ሺܥ௡ sinଶ ߠ ൅ ܥ௟ cosଶ ߠሻ ݀߱ (1.4)
where ܥ௡ and ܥ௟ are the drag coefficients perpendicular and parallel to the filament, ߠ is the helix 
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angle, ݀ is the diameter of the helix, and ߱ is the rotational frequency. This equation is derived 
from conversation of linear momentum and conversation of angular momentum. The drag 
coefficients were derived empirically for helix with both free ends (Brennen and Winet 1977) 
ܥ௡ ൌ 4ߨߤln ൬2ߣ௛௘௟௜௫݀௛௘௟௜௫ ൰ ൅
1
2
 (1.5)
ܥ௟ ൌ 2πμln ൬2λ௛௘௟௜௫݀௛௘௟௜௫ ൰ െ
1
2
. (1.6)
The geometrical parameter had been investigated experimentally. Comparison between designs 
with the same helix angle with different diameter, the design with the largest diameter showed the 
highest swimming speed. Likewise, designs for different helix angles but the same diameter, the 
design with a helix angle of 45° showed the highest speed. 
Helical microswimmer’s velocity and swimming direction can be controlled. Furthermore, 
the microswimmers can be tailored to performed different task. For example, holders were attached 
onto the front of helical swimmer for cargo transport. In a study by Tottori et al., Transportation of 
a 6 µm immobile polystyrene bead in 3-D was demonstrated in four stages: i) approaching object, 
ii) loading object into holder, iii-iv) transporting in 3-D between surface A and surface B, and v) 
releasing object from holder by backward motion (Tottori et al. 2012). 
 Biomimetic Microswimmers 
The flagellar microswimmer is an example of a biomimetic microswimmer. These 
microswimmers directly incorporate biological flagella for active propulsion, thereby inheriting the 
properties of a swimming bacteria. The flagellar microswimmer has a dumbbell-like structure 
composed of a larger polystyrene bead (PS) and a smaller magnetic nanoparticle (MNP) connected 
via a flagellar filament. This microswimmer is advantageous due to their cost efficiency, nanoscale 
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precision, and ease of production. 
Fabrication of flagellar microswimmer involves the conjunction of PS beads and MNP via a 
flagella filament, using avidin-biotin linkages. Avidin is a tetrameric protein found in egg white 
and contains four identical subunits that are capable of binding a biotin group, or vitamin B7, in 
the strongest naturally found non-covalent bond (Diamandis and Christopoulos 1991a). The 
fabrication involves 3 major steps: 1) flagella purification, 2) flagellar and particle 
functionalization, and 3) avidin-biotin conjunction. 
 
 
  
 
 
Figure 1.1(a-h) shows a detailed step-by-step schematic of the flagella purification 
procedure. The image of a flagellar filament in Figure 1.1(i) was taken using a scanning electron 
microscope (SEM). To promote attachments at the end of the flagellar filaments, biotinylation can 
be done selectively at the two ends of the filaments. The detailed flagellar functionalization 
procedure is described in Figure 1.2(a-f).  
 Figure 1.1. Flow diagram of the flagellar filament reconstitution process. (a) Bacteria are cultured 
in lb broth. (b) The culture is centrifuged and resuspended in polymerization buffer. (c) The 
resuspended cells are then vortexed for 6 minutes to shear off their flagella. (d) The suspension is 
differentially centrifuged to pellet the cell bodies and lighter molecular weight contaminants. (e) 
The supernatant is retained leaving the purified flagellar filaments. (f) The filaments are 
depolymerized into monomers at 65°C. (g) Part of the monomer solution is used to create flagellar 
seeding particles. (h) The seeds are used to initiate polymerization of monomers into full length 
filaments. (i) Flagella samples are visualized using SEM. 
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The PS microbeads are commercially available from PolyScience and the MNPs are 
manufactured by Polyak (Polyak et al. 2008). PS microbeads and MNPs are functionalized using 
avidin solution. The detailed particle functionalization (both PS microbeads and MNPs) procedure 
is described in Figure 1.2(g-i). 
The biotinylated flagellar filaments and the avidin-functionalized beads (both PS beads and 
MNPs) were combined in a reaction mix Figure 1.2(j) .Images of the fabricated microswimmers 
are shown in Figure 1.2(k-m) using SEM and light microscopy (100x). 
Microswimmers in Figure 1.3 is a representative example of the flagellar microswimmer 
created using 1 µm PS beads and 300 nm MNPs, and examined for movement. It should be noted 
that the since of the beads used can be varied for scalability. As a benchmark, the microswimmers 
were first tested in the fluid chamber with without applying a magnetic field.  
 Figure 1.2. Schematic for microswimmer fabrication. (a) Filaments isolated from bacteria culture. 
(b) Biotinylation of flagella. (c) Depolymerization of biotinylated flagella into monomers. (d) 
Repolymerization of monomers into biotinylated seeding particles. (e) Polymerization into one-
ended biotinylated flagella by introducing non-biotinylated monomers. (f) Polymerization into two-
ended biotinylated flagella by introducing additional biotinylated monomers. (g) Non-
functionalized PS microbeads and MNPs. (h) Introduction of avidin. (i) Avidination of particles. (j) 
Assembly of two-ended biotinylated flagella and avidinated particles into dumbbell 
microswimmers. (k) SEM image of a dumbbell microswimmer. (l) A dumbbell flagellar 
microswimmer with a single MNP and (m) a one with three MNP, analogue to single and multi-
flagellated bacteria respectively. 
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The form of the swimming can be controlled by considering the torque applied by the 
magnetic field and the hydrodynamic damping by the rotation. For the microswimmer to be rotating 
steadily, the magnetic torque must equal the hydrodynamic torque. The applied magnetic torque is 
expressed as 
ࢀ௠ ൌ ߤ ൈ ࡴ ൌ ߤࡴݏ݅݊ ߠ (1.7)
where ௠ܶ is the magnetic torque, ߤ is the magnetic moment of the MNP, and ܪ is the magnetic 
field. The resistive torque caused by damping is expressed as 
ࢀ௥ ൌ ܦ௉ௌ߱ ൅ ܦெே௉߱ ൅ ܧܮ/߱ (1.8)
where ௥ܶ is the resistive torque, ܦ is the rotational damping coefficient for the particles, ߱ is the 
angular velocity, ܧ is the rate of work on the fluid by the flagella, and ܮ is length of flagellar helix. 
For this representative case study, a rotating magnetic field was applied across the fluid 
chamber. The rotational frequency of the rotating field is 100 Hz which corresponds to the typical 
frequency of the bacterial flagellar motor (Darnton et al. 2004). This actuation is due to rotation of 
the MNP inducing flagella hydrodynamics. The microswimmer moved approximately 30 µm in the 
positive Y direction from the initial position with an average speed of 1.5 µm/s over a time span of 
20 seconds. The path of the microswimmer is shown on Figure 1.3(a).  
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The ensemble-averaged mean square displacement (MSD) of multiple microswimmers, 
which is a measure of the average distance a particle travels in a fluid environment, is expressed as      
ܯܵܦ ൌ 〈ݎଶሺݐሻ〉 ൌ ൽ1ܰ෍൫ݎଵሺݐሻ െ ݎ௜ሺ0ሻ൯
ଶ
ே
௧ୀ଴
ඁ (1.9)
where N is the number of particles, ri(t) – ri(0) is the vector distance travelled by a particle over the 
time interval, and t corresponds to time. Figure 1.3(b) shows the representative MSD plots. The 
mean squared displacements (MSDs) of the control experiment for Brownian motion and the 
microswimmers are shown in Figure 1.3a.). Based on the correlation at small time scale (t < 1s), 
the microswimmer exhibited ballistic motion. At t > 1s, ballistic driven motion transit into 
translational diffusive motion (Lobaskin, Lobaskin, and Kulić 2008, Darnton et al. 2004). Linear 
regression on a long time scale illustrated the microswimmer propulsion (DMS) with a greater 
positive slope as compared to the no-field (DNF). From these MSD plots, the two-dimensional D 
was determined using:    
 Figure 1.3. (a) Microswimmer actuated under a rotating magnetic field with frequency comparable 
to flagellar motor of E. coli. The microswimmer moved consistently in the positive y direction with 
a mean velocity of 1.5 µm/s over a time span of 20 s. (b) Mean-square displacement as a function 
of time, for microswimmer propulsion (open squares) and the no-field condition (open triangles). 
Linear curve fits of the sample and control groups show an increased diffusion coefficient for the 
microswimmers (DMS) over the control value (DNF). (Cheang et al. 2010) 
15 
ܦ ൌ 14 lim௧→ஶ
݀
݀ݐ ሺܯܵܦሻ (1.10)
The DMS and DNF values were 24.19 µm2/s and 4.38 µm2/s, respectively. From the ratio of these 
coefficients, the microswimmer propulsion results in active diffusion that is approximately 6 times 
greater than Brownian (passive) diffusion. The microswimmer demonstrated rapid Brownian 
motion due the diffusion of the PS microbead, MNP, and the flagellar coupler. The diffusivity of 
the microswimmer accounts for the internal dynamics of the change in distance between the PS 
microbead and the MNP. Therefore, the microswimmer has an enhanced diffusivity because of the 
bead-to-bead hydrodynamic interaction (Bammert, Schreiber, and Zimmermann 2008).  
 Realistic Concerns for Microrobotics in vivo Applications 
While addressing the issue of low Reynolds number navigation, the aforementioned 
examples are generally constrained by high cost, complex fabrication, and/or application-limiting 
designs. For instance, helical and flexible-body swimmers (Tottori et al. 2012, Ghosh and Fischer 
2009, Cheang et al. 2010, Temel and Yesilyurt 2011, Dreyfus et al. 2005, Gao et al. 2012a, Peyer, 
Zhang, and Nelson 2011b) are very effective swimmers in bulk fluid, but their micro- and 
nanofabrication methods requires costly equipment and/or complex procedures. Biological 
swimmers on the other hand are easy to fabrication due to massive cell culturing, but are not suited 
for potential in vivo applications which is a prime reason for the development of 
micro/nanorobotics. Chemically-driven swimmers also face biocompatibility issues given their 
chemical by-products. 
 Power Source for Microrobots 
In order to be used for a drug delivery vehicle, these robots must operate in micro or 
nanoscale, powered by a wireless source, able to navigate in complex biological fluid environment, 
and capable of penetrating soft tissue. The issue of finding a wireless power source has been 
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thoroughly explored; while chemical and electrical methods have been considered, the concern 
with possible health related complications for biomedical application quickly led to their dismissal. 
Magnetic control became a prominent choice due to minimum health impact, fast response time, 
and precision control. 
 Interaction with Biomechanical Microstructures 
The idea of utilizing swimming robots for drug delivery faces many fundamental and 
physical limitations that must be properly addressed. One of the most important challenges is the 
ability for microswimmers to overcome the various complex environments for in vivo applications 
which include non-Newtonian fluids and microenvironments with physical barriers. Preliminary 
success had been published in regards to swimming capability in Newtonian fluidic environment 
and controllability via a wireless power source. Recently, there are more studies to experimentally 
test microswimmers in non-Newtonian fluids but these studies are preliminary and does not reflect 
the complicity of in vivo navigation (Peyer et al. 2012). Navigation in a human body will introduce 
much complicity such as complex material properties, heterogeneous microenvironments, and 
adverse flow. Thus, it is essential to understand the interaction between microswimmers and the 
biomechanical of the soft biological tissue and other bio-media. 
Consider microorganisms in nature, they can swim through complex biomaterials, including 
sperm traveling through mucus in the female reproductive tract and bacteria penetrating mucus 
layers in the respiratory and digestive tracts during infection and disease. Their ability to penetrate 
through microstructural features in bio-media is a crucial consideration to designing 
microswimmers. At the microscale, mechanical deformation, long- and short-range hydrodynamic 
forces, and contact forces (including van der Waals, electrostatic, and chemical binding) can all 
potentially influence microscale swimming. Considering the microscopic features and adhesion 
forces, it is clear that microscale medium properties may be as or more important in determining 
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locomotive properties. For example, from the sperm’s perspective the medium is heterogeneous 
with a fibrous network (Rutllant, López-Béjar, and López-Gatius 2005, Lai et al. 2009). Since the 
sperm and network have similar lengthscales, homogeneous continuum models which ignore the 
microstructure of the mucin fibers likely overlook important physics. Another biological example 
is the infectious spirochetes such as Borrelia burgdorferi, which causes Lyme disease. In mammals, 
B. burgdorferi can move through a variety of complex fluid and solid environments; for instance, 
they can traverse the extracellular matrix and vascular endothelium to move into and out of the 
bloodstream as the spread throughout the body (Moriarty et al. 2008, Harman et al. 2012). 
 Manipulating Microswimmers in Biomicroenvironments 
In order to navigate the complex and dimensionally limited passageways in the human body, 
there must be strategies to manipulate large number of microswimmers as well as to control the 
transformation of microswimmers in response to changing environments. 
For drug delivery; realistically, a large number of robots is needed to carry the necessary 
dosage, but may result in a relative small percentage reaching the target (Freitas 2006). This is due 
to cumbersome control caused by the homogenous responses of robots under a global external 
control signal and the inability to navigate in dimensionally limited pathways, which imposes 
manipulation limitations that effectively hinders the scalability of the number of microrobots and 
drug dosage. In a drug delivery scenario using multi-robot control, numerous coordinated teams of 
micro/nanorobots will approach the target in concert or separately, and then converge and gather 
at a specific location to release the pharmaceutical payloads in order to enhance drug accumulation 
on small targets such as individual cells; this concept was demonstrated using live magnetotactic 
bacteria (de Lanauze et al. 2013). Recent work have demonstrated different strategies for multi-
robot control and positioning; such as the stress-engineered MEMS microrobots driven using 
transition voltages (Donald, Levey, and Paprotny 2008), the wireless resonant magnetic 
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microactuators controlled through resonant frequencies (Frutiger et al. 2010), the identical 
microrobots selectively positioned using specialized surfaces (Pawashe, Floyd, and Sitti 2009), the 
heterogeneous magnetic microrobots manipulated in 3D using magnetic fields (Floyd et al. 2011, 
Diller, Giltinan, and Sitti 2013), and the magnetotactic protozoan cells steered independently using 
single inputs (Becker et al. 2013, Kim, Becker, et al. 2013).  
Another issue is that in vivo navigation will involve the encountering of heterogeneous and 
changeable environments, as aforementioned; existing robots and swimmers hadn’t been tested for 
their ability to adapt to such instability. In macroscale robotics, modular robots with the ability to 
change their shape can adapt to varying tasks and environments and can respond to unpredictable 
situations (Yim, Ying, and Duff 2002). This robotic concept can be applied to robotic 
microswimmer. Reconfigurable microrobots can potentially be useful for in vivo environments, 
such as the circulatory system with various vessel diameters and microscopic heterogeneity 
(Nelson, Kaliakatsos, and Abbott 2010). The bead-based microswimmers in this work will be 
discussed in later chapter in regards to their ability to transform into different shapes and sizes 
based on user input. 
 Microrobotics for Localized and Targeted Drug Delivery 
For localized and targeted drug delivery, one of the possible method to introduce micro- and 
nanorobots into the body is via intravenous (IV) administration. Intratumoral injection will be 
deemed undesirable due to the likelihood for invasive surgery. The main concern using IV injection 
is the overwhelming flow in the circulatory system, which is in the order of 1 to 100 mm/s; meaning 
that the swimming velocity of micro- and nanorobots are relatively insignificant during circulation. 
The implementation is that the micro and nanorobots will be moving with the flow most of the 
time. It was demonstrated that 1.5 mm magnetic particles can be pulled via magnetic gradient to 
move against the flow during in vivo trials in the carotid artery of a living swine (Martel et al. 
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2007), which demonstrated the concept of direct manipulation for in vivo. However, milliscale 
particles overcoming vascular flow does not mean that micro- and nanoparticles can do that same. 
As swimmers are injected into the circularity system, they will target the tumor site through 
leaky vasculatures using the EPR effect. The swimmers that gathers at the tumor site where 
heterogeneous regional blood flow, interstitial hypertension, and extracellular matrix barriers will 
act against retention of particles and lower the overall accumulation. Here, direct manipulation of 
the micro- and nanoswimmers can mechanically overcome the environment through active 
propulsion from swimming force and magnetic gradient pulling force. For example, the drug 
carrying swimmers can navigate in random flow conditions and mechanically penetrate physical 
barrier.  
 Size, shape and Biocompatibility of microrobots 
Increasing the circulation time of drug vehicles can increase the EPR effect, leading to more 
drugs reaching the tumor. Typically, spherical particles injected into the circulatory system are 
cleared almost immediately through the vasculature of various organs. In contrast, non-spherical 
structures, such as viruses and liposomes can circulate for hours to a day (Geng et al. 2007). 
Moreover, the size of the structures also contributes to near-wall (vessel) accumulation; where 
spherical particles ≤ 100 nm move with Red Blood Cells (RBCs) in an uniform radial distribution 
and have limited near-wall accumulation, and spherical particles > 1000 nm tend to accumulate 
next to vessel walls (Lee et al. 2013). In terms of biocompatibility, the inorganic nature of the 
applicable microswimmers allows for a wide range of operational environments such as various 
pH and ionic conditions. Also, biocompatible materials and coatings can be used (Dogangil, 
Ergeneman, Abbott, Pané, et al. 2008, Mahmoudi et al. 2011, Markides, Rotherham, and El Haj 
2012). 
 Bead-Based Microswimmer for Drug Delivery 
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In drug delivery, the main goal is to concentrate the drug at a specific target site with the 
benefit of reducing the quantity of administrated drug elsewhere in the body system. The ability to 
accurately deliver the dosage of an active pharmaceutical ingredient (API) to a targeted area can 
significantly reduce side effects, complications, and ineffectiveness from systemic methods such 
as injection or ingestion. For instance, the API carriers faced with various obstructions in the body 
will lead to drug accumulation on the healthy tissues and organs en route to the targeted region, 
causing negative side effects to the body (Torchilin 2010). 
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As mentioned, one approach is to accumulate drug covered particles in the areas of leaky 
vasculature and rely on EPR (Prabhakar et al. 2013, Mansilla et al. 2012, Torchilin 2011, Davis 
2008, Jhaveri and Torchilin 2014). Because of this, the use of particles is an improvement over 
systemic drug administration. This effectively becomes an inheritable advantage for the bead-based 
microswimmers. The movement of particles is heavily influenced by uncontrollable factors such 
as blood flow and convective forces during extravasation. In addition, high interstitial forces and 
Figure 1.4. Comparison non-magnetic single nanoparticles and magnetic microswimmers in of 
target drug delivery. Once injected, nanoparticles and magnetic swimmers circulate in blood vessel. 
Due to their larger size and non-spherical shape, the magnetic swimmers are more likely travel in 
the region close to the vessel wall; which effectively increase the probability of permeating the leak 
vasculature near the tumor. Once reaching the leak vasculature, particles and swimmers can 
permeate through and reach tumor cells. In order to effectively permeate, smaller particles are 
preferred. Using modulate microrobotics, swimmers can break up into small single particles or 
smaller colloid under high rotation. Once the particles permeate the leak vasculature and reach the 
tumor microenvironment, non-magnetic single nanoparticles can only reach tumor cells near the 
vasculature due to dependence on convective diffusion and the inability to overcome the 
extracellular matrix and the high pressure area near hypoxia cells. In contrast, magnetic particles 
that were previously broken up into smaller structure can re-assembled into mobile swimmers using 
modular microrobotics and mechanically penetrate and overcome the harsh tumor 
microenvironment. 
22 
extracellular matrix can mechanically drive particles away from target sites. In concept, the use of 
microrobots makes it possible for direct manipulation using externally induced forcing in order to 
overcome adverse flows/pressures, penetrate physical barriers, and navigate in non-Newtonian 
biofluids. In Figure 1.4, a conceptual illustration shows how magnetically controlled bead-based 
microswimmers can overcome the tumor microenvironment, which can potentially be an 
improvement over single particles relying on diffusion for pharmacokinetics and biodistribution. 
As microswimmers circulate the body in blood vessels, many of the will accumulate at the tumor 
site. The fact that the microswimmers are non-spherical will increase allow them to travel near the 
wall of the blood vessels which will increase the chance of the microswimmers to permeate the 
leaky vasculatures via EPR. As the microswimmers reach the leaky vasculatures of the tumor blood 
vessels, microswimmer can be broken up into swimmer sizes to promote extravasation. After 
extravasation, the broken up particles can be reassembled into larger swimmer capable of active 
population and penetration. The mechanisms of breaking and assembling particles using modular 
microrobotics will be further explained in later chapters 
Thus, it can be conceived that microrobotics can bring in a unique and fresh perspective to 
dealing with the many issues in tumor microenvironments that have hindered the development of 
particulate drug delivery systems.  
 Outline 
This thesis is based on the following papers published/submitted or manuscripts in 
preparation by the author: 
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Cheang, U Kei, Kyoungwoo Lee, Anak Agung Julius, and Min Jun Kim. 2014. "Multiple-robot 
drug delivery strategy through coordinated teams of microswimmers."  Appl. Phys. Lett. 105 
(8):083705. 
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microrobots for adaptive swimming in unpredictable environments."(in preparation). 
Cheang, U Kei, and Min Jun Kim. 2015. "Self-assembly of robotic micro- and nanoswimmers using 
magnetic nanoparticles."  J. Nanopart. Res. 17 (3):1-11. 
Cheang, U Kei, Hoyeon Kim, Dejan Milutinović, Jongeun Choi, and Min Jun Kim. 2015. 
"Feedback Control of Three-Bead Achiral Robotic Microswimmers." International Conference On 
Intelligent Robots and Systems, San Francisco, USA (under review). 
Following the introduction which covered the role of microrobotics, relevant constraints and 
criteria, and the significance to technological advancements; Chapter 2-6 covers various aspects of 
the development of bead-based microswimmers. Chapter 2 introduces the achiral microswimmers 
with respect to fabrication, control, and characterization of mechanical and hydrodynamic 
properties. Chapter 3 explores the control strategy to manipulate multiple units of microswimmer, 
which is proof of concept to overcome the problem in using multiple microrobots to perform tasks 
under a global control input. Chapter 4 discusses the use of modular microrobots as a way to 
transform microswimmers in response to unpredictable environments. Chapter 5 introduced the 
nanoparticles self-assembling into micro- and nanoswimmers, and explore the effects of diffusion 
on low Reynolds number locomotion at the nanoscale. Chapter 6 discusses the application of closed 
loop feedback control of the achiral microswimmers’ velocity and turning rate. Chapter 7 is the 
conclusion and future work which introduces the next step of this work in non-vision localization 
and swimming in non-Newtonian media. 
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Chapter 2 : Achiral Microswimmers 
 Introduction 
The Achiral microswimmer is one of the simplest magnetic microswimmers in existence. 
Unlike traditional microswimmers, such as the widely used helical swimmers, the achiral 
microswimmer do not need chirality or flexibility to produce propulsion in low Reynolds number. 
An achiral microswimmer consists of three magnetic microparticles (4.35 µm in diameter) linked 
together, forming the simplest structure for a microswimmer (Figure 2.1).  Naturally, dipole 
interactions the magnetic particles would lead to linear self-assemble of the magnetic particles. 
However, a perfectly linear and rigid will not be capability of low Reynolds number propulsion. 
Fortunately, the presence of various surface forces and surface roughness will disturb such linearity. 
In addition, chemical streptavidin-biotin binding used will not only enhance the rigidity of the 
structures, but also help overcome the linearity of the magnetic self-assembly to form the curved 
structures. The simplistic nature of the achiral microswimmer aims to readdress and reexamine the 
traditional criteria for designing microswimmers using chirality and flexibility. 
 Fabrication of Achiral Microswimmers 
Three-bead microswimmers were fabricated using three magnetic micro-particles (4.35 µm) 
linked together via avidin-biotin. The chemical binding help overcome the linearity of the magnetic 
self-assembly to form curved structures (Figure 2.1(a)). Avidin is a produce in the oviducts of birds, 
reptiles and amphibians and deposited in the whites of their eggs that is capable of binding a biotin 
group (Diamandis and Christopoulos 1991a, Helppolainen et al. 2007). Avidin has a high resistance 
to denaturation due to its tetrameric structure. Biotin is a water-soluble B-vitamin widely used in 
biochemical assays. Biotin molecules have high protein functionality capabilities and the process 
of affixing a biotin molecule onto a protein, nucleic acid or other molecule is called biotinylation 
(Chaiet and Wolf 1964, Bayer and Wilchek 1990). The molecule streptavidin has a very high 
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affinity for biotin (dissociation constant, Kd = 10−14) (Green 1975). Once bonded, the avidin-biotin 
linkage is one of the strongest naturally found non-covalent bond (Weber et al. 1989). 
Magnetic beads (Spherotech) have iron oxide core and are amino-coated. The beads were 
separated into two batches, one for avidination and the other for biotinylation. One batch was mixed 
with 1 mg/mL of purified avidin protein and the other with 25 mg/mL N-hydroxysuccinimide-
biotin, and subsequently incubated for 2 hrs. To functionalize magnetic beads with avidin, the beads 
are first plasma cleaned to remove excess carbon or other molecules from the surface. The beads’ 
surfaces are then treated with a 3-aminopropyltriethoxysilane (APTES), incubate for 10 minutes, 
and then rinse with isopropanol. This step is need for attaching an amino group to the surface; this 
step can be skipped by purchasing commercially available microbeads with amino coating. Next, 
glutaric acid is introduced onto the APTES treated surface to create a glutaraldehyde layer, incubate 
for 2 hours, then rinsed with PBS (Guesdon, Ternynck, and Avrameas 1979). The glutaraldehyde 
layer is used as a cross-linker layer for avidin. Finally, avidin solution (10 mg/ml) is mixed with 
the modified beads and then incubated for 24 hours in humid environment to prevent evaporation 
of the avidin solution. The batches are diluted using 30 mg/mL NaCl solution to 0.1 mg/ml to avoid 
aggregation and then combined in a reaction mix to yield the three-beads microswimmers. Mixing 
introduces randomness to the process resulting in different structures, nonetheless, the three-bead 
structures can be easily obtained. Avidin-biotin linkage provides a very strong bonding (Wong, 
Chilkoti, and Moy 1999, Diamandis and Christopoulos 1991b, Lo et al. 2006), ensuring structural 
perseveration under time-varying magnetic forces. Upon actuation, the microswimmer will rotation 
about an asymmetrical rotation axis (Figure 2.1(b)) and convert rotational motion to translational 
motion (Figure 2.1(c)). 
 
 
26 
  
 
 
 Mechanical Properties of Achiral Microswimmers 
The achiral microswimmers are consist of 3-beads, which means its geometry achiral with 
two mutually perpendicular planes of symmetry. The avidin-biotin linkage also enhance the rigidity 
of the achiral microswimmers. Due to the randomness in the fabrication process where avidinated 
and biotinylated beads mix, not all microswimmers were rigid. For example, a biotinylated bead 
may be attached to another biotinylated bead due to magnetic forces and other surface force; in this 
case, the lack of a strong avidin-biotin linkage may result in a non-rigid connection. In the interest 
of ruling out flexibility as a factor in low Reynolds number swimming, the rigidity of the achiral 
microswimmers was visually inspected and only the microswimmers where deformation during 
swimming is minimum was used. The rigidity of these swimmers was quantified by observing their 
response to time-dependent magnetic fields (Figure 2.2(b,c)). To determine whether the 
microswimmers will elastically deforms in response to the applied magnetic torque, their geometry 
was observed during reorientation in response to a time-dependent magnetic field. To trigger 
reorientation, microswimmers were first allowed to come to equilibrium in a static field, with their 
dipole aligned with the field. Then the static field was changed instantaneously to a direction 
perpendicular to the original direction while maintaining the same magnitude (Figure 2.2(b)). This 
Figure 2.1. Achiral microswimmer. (a) Schematic for swimmer fabrication using strepavidin-biotin 
chemistry. (b) Rotation about an asymmetrical rotation axis to produce propulsion. (c) 
Representative example of swimmer’s trajectory. 
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sequence imposes a sudden torque on the microswimmers’ bodies. High-speed videos captured 
allow for a visual observation of the deformation which is quantified using the distances between 
the three beads (d12, d23, d13, Figure 2.2(b,c)). The distances were tracked in three dimensions. 
Another method to determine whether the microswimmers irreversibly deform under the torques 
exerted by rotating magnetic fields is to observe the change in swimmer geometry while under 
continuously rotation about the x-axis (Figure 2.2(c)). This type of continuous rotation is the same 
as the rotation experienced during swimming where the magnetic field is always perpendicular to 
its rotation axis. In this case, the distance between beads over 6 periods of rotation was tracked. To 
minimize error in the z-direction imaging, the distances were measured once per rotation. 
Representative results from the rigidity tests for a visually rigid swimmer are shown in Figure 
2.2(d,e). The lengths d12, d23, and d13 change by less than 5%. These two deformation tests were 
done one several microswimmers. This suggests that the microswimmers do not significantly 
deform in an irreversible manner and can be considered as rigid. 
 
 
28 
  
 
 
 Velocity Characterization 
The velocity of an achiral microswimmers is dependent on the rotation of the swimmer’s 
body. This is similar to the case of the helical swimmers whose velocity is directly related to 
rotation frequency. For the helical swimmer, the linear velocity to rotation frequency relationship 
can be uphold as long as the rotation axis along its body’s long axis is maintained. Maintaining this 
rotation axis can simply be done by supplying a strong enough magnetic field strength to align the 
long axis of the swimmer’s body to the rotation axis. This means if a threshold value of, let’s say, 
5 mT is need to make this align under a 10 Hz rotation, then that also means that applying 10 mT, 
20 mT, or 100 mT under the same rotation frequency of 10 Hz will similarly make such alignment, 
and the linear velocity to frequency relationship can upheld. For the achiral microswimmers, 
 
Figure 2.2. Rigidity of Achiral microswimmers.  (a) The microswimmers' three-bead structure 
contains mirroring planes of symmetry making it achiral. (b, c) Schematic of flexibility tests to 
quantify microswimmer’s rigidity under (b) impulsive reorientation and (c) steady rotation. The 
microswimmer’s structure is measured by the three-dimensional distances between each pair of 
beads (d12, d13, d23). (d) Percentage change in (d12, d13, d23) during impulsive reorientation. (e) 
Percentage change in (d12, d13, d23) during swimming with data points captured once per cycle when 
the swimmer is nearly perpendicular to the line-of-sight. In (d) and (e) distances change less than 
5% indicating rigid geometry. (Cheang, Meshkati, et al. 2014) 
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however, it is not quite as simple. The achiral microswimmer requires specific rotation axes to 
swim, and not necessarily along the long axis of its body. Therefore, to maintain this specific 
rotation axes, a very specific range of values for rotation frequencies and magnetic field strengths. 
This is not as simple as the case with the helical swimmer where theoretically any field strengths 
above a threshold will work is need to maintain its rotation axis; the achiral swimmer requires 
specific range of values to maintain the same, or similar, rotation axis. After extensive observation, 
it can be seen that the achiral microswimmers can maintain its rotation axis and, thus, upholds a 
linear relationship between velocity and rotation frequency if the ratio of the field’s rotation 
frequency and strength is held constant. Figure 2.3(a) illustrates the velocity profiles of 7 different 
achiral microswimmers that were able to maintain a linear velocity to frequency relationship. 
 
 
 
 Figure 2.3. Qualitative response of swimmer to rotation frequency. (a) Swimming speed of seven 
different achiral microswimmers as frequency and field strength are varied with their ratio held 
constant. (b) Swimming speed of the six different microswimmers as frequency is varied for 
constant field strength, including the microswimmer in (c) shown as swimmer 6.  Error bars in (a) 
and (b) denote standard errors estimated from position uncertainty in image analysis and 
observation time used to measure velocity. (c) The rotational axis (demarcated by red dashed line) 
changes relative to swimmer's orientation as rotation frequency changes with constant field strength.  
The swimmer’s rotation transitions from about a symmetrical axis (low frequencies) to about a non-
symmetrical axis (high frequencies). (Cheang, Meshkati, et al. 2014) 
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On the other hand, if the magnetic field strength is held constant, a nonlinear relationship 
between swimming speed and frequency can be observed. In Figure 2.3(b), the swimming speed 
for 6 microswimmers were shown as a function of frequency while magnetic field strength is held 
constant. In contrast to Figure 2.3(a), the relationship between swimming speed and frequency is 
nonlinear and markedly non-monotonic. Note that the analysis assumed a permanent dipole, which 
approximates the magnetic moment of a soft ferromagnet under saturating fields when the direction 
of the magnetic field is fixed relative to the swimmer body.  In the experimental case, the direction 
of the field changes as the rotation axis changes. Therefore some of the nonlinearity in Figure 2.3(b) 
results from changes in the moment as the rotation axis changes under frequency. However, the 
changes in rotation axis play a key role in driving the nonlinearity in the context of the analysis, as 
can be seen from the behavior of the swimmer shown in Figure 2.3(c) (corresponding to swimmer 
6 in Figure 2.3b). For frequencies less than or equal to 2 Hz, the swimmer rotates near axis e1, and 
accordingly the swimming velocities are small. Between 3 Hz and 5 Hz, the swimmer rotates 
around non-principal axes, and there is appreciable propulsion. At 6 Hz, the swimmer rotates 
around axis e2, and the swimming velocity is small again. Above 7 Hz, the swimmer does not rotate 
steadily in synchrony with the magnetic field, hence 7 Hz is the step-out frequency. 
 Motion Control of Achiral Microswimmers 
It was observed that the direction of the swimmers’ average velocity is along the rotation 
axis of the rotating field. The swimmer rotates along a body-fixed axis as it swims. Altering either 
the angular velocity or magnitude of the applied rotating magnetic field alters the body-fixed 
rotation axis and the velocity of the swimmer. In contrast, swimmers relying on boundary effects 
“roll” in a direction perpendicular to the rotation axis of the field, thus this fact was used to ensure 
that the swimmers observed are not affected by a boundary. 
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For velocity control, the relationship between swimming velocity and rotation frequency was 
first characterized (Figure 2.4(a)). For a constant ratio of frequency to magnetic field strength, the 
analysis predicts that the swimmer's rotation axis remains constant and swimming velocity 
increases linearly with frequency. This linear relationship was observed experimentally (Figure 
2.4a). Seven different swimmers were tracked while the frequency and magnetic field strength were 
increased proportionally (Figure 2.4(a)). During the experiments, the swimmers were all controlled 
to swim in the positive x direction. For swimmers 1-7, the velocity-frequency data had linear fits 
through the origin with slopes and R2 listed in table 1, with R2 ranging from 0.8567 to 0.9989. 
 
 
  
 
 
To control the motion of the microswimmer, the strength (mT), direction, and frequency (Hz) 
of the rotating magnetic field can be modulated. The swimming direction can be controlled by 
manipulating the direction of the magnetic field’s rotational axis. For controlled motion in the xy 
plane using an electromagnetic coil system (See Appendix A), one can apply a time-dependent 
magnetic field of magnitude Bi,  
࡮ ൌ ܤ௜ሺsinሺߠሻ sinሺ߱ݐ ൅ ߶ሻ ଙ̂ ൅ cosሺߠሻ sinሺ߱ݐ ൅ ߶ሻ ଚ̂ ൅ sinሺ߱ݐሻ ࢑෡ሻ (2.1)
that rotates with angular velocity 
Table 2.1. Linear regression values for the 7 microswimmers for Figure 2.3(a). (Cheang, Meshkati, 
et al. 2014) 
 Swimmers 1 2 3 4 5 6 7 
Slope 0.4454 0.3770 0.3435 0.2972 0.6614 0.4567 0.3492 
R2 0.9309 0.9799 0.8567 0.9745 0.9989 0.9662 0.9729 
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0
൩ , (2.2)
which also specifies the average swimming direction. The phase  is either -90° or 90°. The achiral 
swimmer demonstrated the capability to make sharp turns at any angle when the angle θ was 
changed. 
In Figure 2.4(b), several swimming trajectories are shown illustrating directional control. For 
these trajectories, the rotational frequency and field strength were kept constant, maintaining 
constant swimming speed. In addition, turning the field on and off or reversing the rotation resulted 
in starting and stopping motion or direction reversal, respectively. 
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 Reconstruction of Three Dimensional Structure 
The geometries of the microswimmers were reconstructed for two purposes: 1) To 
understand the motion of the achiral microswimmers in relation to their propulsion and 2) to 
characterize the rigidity of the achiral microswimmers under magnetic-induced stress in order to 
validate the claim that the achiral microswimmers are rigid structures that do not require flexibility 
for propulsion. 
Changes in structure, swimmer rotation, and swimmer translation are quantified using a 
three-dimensional tracking algorithm written in MATLAB. Since the structure of the swimmer 
Figure 2.4. Motion control of achiral microswimmers. Trajectories of achiral microswimmers 
showing swimmers controlled to swim in different patterns and make sharp turns. (Cheang, 
Meshkati, et al. 2014)
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consists of three spherical beads, the algorithm tracks the three Cartesian positions (x,y,z) of each 
bead. Planar positions (x,y) are obtained from the centroid of the bead images which is determined 
using circle detection with Hough Transform (Figure 2.5(a)). Vertical positions (z) are obtained 
from a standard-deviation-based algorithm that detects the changes in intensity of  the beads which 
correspond to changes in the distance from the focal plane (Figure 2.5(b)) (see autofocusing 
algorithms reviewed by Sun et al (Sun, Duthaler, and Nelson 2004)). The x, y, and z positions of a 
swimming achiral microswimmer are plotted for 4 rotations in 1 second showing the cyclic motion 
of the individual beads (Figure 2.5(c)). 
 
 
  
 
 
 Geometrical requirements for swimming 
The achiral microswimmers can convert external rotational torque to translational motion 
despite the tradition of using a chiral or flexible geometry for low Reynolds number swimming. 
Using the coupled rotational and translational motion of the achiral swimmer, it can be proven that 
the achiral rigid nature of the achiral microswimmers does not violate the principles of low-
Figure 2.5. Three-dimension reconstruction of an achiral microswimmer. (a) Compute the x and y 
position of each bead using circle detection with Hough Transform. (b) Determine the z position of 
each bead using intensity calibration. Plot of the relationship between STD of the intensity and the 
z position (c) Plot showing the tracked position of the beads with curve fitting. The fitted data is 
used of modeling the motion of the microswimmer. 
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Reynolds number hydrodynamics.1 
At low Reynolds numbers, the translational velocity v and angular velocity Ω are related to 
the force F and torque N on the swimmer by the 6 × 6 mobility matrix (Happel and Brenner 1965a):  
ቀܞષቁ ൌ ቀ
۹ ۱
۱܂ ۻቁ ቀ
۴
ۼቁ (2.3)
where the 3 × 3 submatrices K, M, and C are the translational, rotational, and coupling resistance 
tensors respectively; and U and Ω are the translation and rotational velocity (Happel and Brenner 
1965a). This linearized relationship is possible due to low Reynolds number hydrodynamics, 
permitting the analysis to assume creeping motion.  Since the microswimmers are self-propelled, 
where the applied uniformed magnetic field do not exceed a force to displace the microswimmers, 
this is considered as zero net external force. By taking the force F out of equation (3), the 
relationship effectively becomes 
ቀܞષቁ ൌ ቀ
۱
ۻቁۼ . (2.4)
For a swimmer with permanent magnetic dipole m, the torque N on the swimmer due to the 
external field is N = m × H, where H is the magnetic field, and for the uniform fields in the 
experiment there is no net external force. Therefore the instantaneous translational and angular 
velocities are 
ષ ൌ ۻሺܕ ൈ۶ሻ (2.5)
and  
                                                 
1 The analysis in this section was done by Dr. Henry Fu and Farshad Meshkaty from University of Nevada, Reno. The analysis is 
crucial for this topic, therefore, it was the decision of the author to include this section. Note that the analysis and explanations are, in 
part, reinterpreted based on the author’s understanding. 
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ܞ ൌ ۱ሺܕ ൈ ۶ሻ (2.6)
respectively. 
In general, the rotation of the swimmer is a result of the torque exerted by the rotating 
magnetic field. This does not necessarily means the rotation of the microswimmers and the rotation 
of the magnetic field will be equal. To achieve steady swimming, the angular velocity of the 
swimmer Ω must be equal in both magnitude and direction to the angular velocity of the magnetic 
field ω. If they are unequal, the rotation of the microswimmer will not be able to keep up with the 
rotation of the magnetic field; thus, microswimmer undergo an awkward jerky periodic motion. 
Equation (2.6) is only valid under steady swimming. 
Generically, an object with constant body-fixed v and Ω moves in circular or helical 
trajectories (Hyon, Stocker, and Fu 2012). A net translational swimming velocity requires a helical 
trajectory, for which v ⋅	Ω ≠ 0. Thus, the condition for swimming is that the rotation Ω specified 
by equation (2.5) is equal to the rotation ω of the magnetic field, and that 
0 ് ષ ∙ ሺ۱ሺܕ ൈ ۶ሻሻ. (2.7)
A necessary condition for swimming is that the coupling resistive tensor C is nonzero. The coupling 
resistive tensor depends on the geometry of the swimmer. Based on standard symmetry analyses 
(Happel and Brenner 1965b), geometries with axisymmetry or three perpendicular mirror planes of 
symmetry have C = 0 and no swimming; C with axisymmetry is 
۱ ൌ ൭
0 0 0
0 0 0
0 0 0
൱. (2.8)
To determine whether the achiral microswimmers can swim, the planes of symmetry must be 
identified. The achiral microswimmers have two perpendicular mirror planes of symmetry, which 
is consistent with the “impeller” example in Happel and Brenner (Happel and Brenner 1965a). The 
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tensor C for the achiral microswimmer can be written as  
۱ ൌ ൭
0 0 0
0 0 ܥଶଷ0 ܥଷଶ 0
൱. (2.9)
As shown, the achiral microswimmers satisfy the condition of C ≠ 0. The rotational 
resistance tensor M for the achiral microswimmer can be written as 
ۻ ൌ ൭
ܯଵ 0 00 ܯଶ 00 0 ܯଷ
൱ (2.10)
Substituting C and M into equations (2.5) and (2.6)  
ષ ൌ ൭
ܯଵ 0 00 ܯଶ 00 0 ܯଷ
൱ ሺܕ ൈ ۶ሻ (2.11)
ܞ ൌ ൭
0 0 0
0 0 ܥଶଷ0 ܥଷଶ 0
൱ ሺܕ ൈ ۶ሻ (2.12)
shows that the torque N = m × H must have both 2- and 3-components in order to yield a nonzero 
velocity v; therefore, making swimming possible. This means that the rotation axis should have 
both 2- and 3-components. This can be relate to Figure 2.3(b) and (c) where the velocity of the 
microswimmers in Figure 2.3(b) is directly related the rotation axes in Figure 2.3(c). This shows 
that the analysis corroborate with experiments in the conclusion that only specific rotation axes can 
lead to swimming. This implies that dipole m cannot lie along either the 2 or 3 directions, which 
are the directions perpendicular to the symmetry planes of the swimmer. This is so because the 
dipole m must be perpendicular to the torque as defined the cross product N = m × H. 
 Steady Swimming 
After satisfying the geometrical requirement for swimming, the timescale of the swimmer’s 
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rotation and the field’s rotation must considered for steady swimming. In plain terms, the rotation 
of the swimmer must follow the rotation of the field. Since the rotation of the swimmer is damped 
by viscous forces, the timescale of the swimmer’s rotation is denoted as Tviscous, and the timescale 
of the magnetic field’s rotation is denoted as TB. If Tviscous >> TB, then the swimmer cannot rotate 
quickly enough to follow the magnetic field, and the swimmer will not rotate steadily. In such a 
case, the microswimmer will exhibit wiggling motion. In the intermediate regime where Tviscous ~ 
TB, there can be steady rotation because the rotation of the simmer can follow the magnetic field 
which will lead to steady swimming.  
 FEA simulations and PIV measurements 
The hydrodynamics of the achiral microswimmers was investigated using Micro Particle 
Image Velocimetry (µPIV) and finite element analysis (FEA) in order to understand their 
propulsive capability. In both PIV and FEA, the flow fields of swimming achiral microswimmers 
were examined. 
The main components of the PIV system consists of a Nd:YAG laser system, a high-speed 
camera, and an inverted microscope. A 10ൈ beam expander and a cylindrical lens was used to 
create a near uniformed beam The beam then pass through the microscope through a 63x objective 
and onto the observed sample. The image was captured by a high speed camera, Photron 
FASTCAM SA3, at 500 fps for 2.702 seconds. The camera have a CMOS chip with 1024 × 1024 
pixels (12 bits) and a pixel size of 17 μm. The camera and the laser is synchronized using a 
commercial software package (DaVis 8.0). This means the laser pulses syncs with the frame rate 
of the camera. A failure of synchronization may result in a laser pulse in between 2 recorded frames, 
therefore, the captured image will not be illuminated by the laser pulse. A schematic of the PIV 
system’s optical path and components is presented in Figure 2.7. 
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To have a valid comparison between the PIV and FEA results, the same parameters were 
used. In both studies, the fluid is water. The results have shown good agreement between µPIV and 
FEA results (Figure 2.7).  
 
 
  
 
 
 Summary 
Figure 2.6. Optical path and components of the PIV system. The microscope have been broken 
down into essential optical components. 
Figure 2.7. Flow field visualization using (a) µPIV and (b) FEA. 
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The achiral microswimmers demonstrated the use of simple geometries can be rotated by 
external torque to swim at low Reynolds numbers. Previous work on robotic microswimmers 
focused on flexible or chiral structures to generate propulsion; here, the achiral microswimmers 
have shown that neither is necessary. The achiral microswimmers are fabricated using a simple and 
low-cost approach with avidin-biotin binding and magnetic self-assembly. Through experiments, 
the achiral microswimmers were easily manipulated using velocity and directional control through 
an approximate Helmholtz electromagnetic coil system. The analysis of the achiral microswimmer, 
validated qualitatively and quantitatively by experiment, provides a framework to describe the 
coupled rotational and translational motion of magnetically rotated microswimmers of arbitrary 
geometries, as well as the criteria, which replace the Scallop theorem, for propulsion of rigid bodies 
under external torque. Applying this framework to design artificial microswimmers without 
chirality may lead to simpler fabrication methods than used for helical or flexible micro- and 
nanoswimmers, advancing their development for numerous applications. 
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Chapter 3 : Multiple Microswimmer Control 
 Introduction 
The effectiveness of using microswimmers as a viable workforce can be improved by 
simultaneously using of multiple microswimmers. The key challenge here is that the 
microswimmers are controlled via a global magnetic field, which means the microswimmers cannot 
be individually controlled. However, the subtle variations due to manufacturing reasons will result 
in heterogeneity in the microswimmers’ responses to the global input. This heterogeneity can be 
further exaggerated by modulating their magnetic properties. Once such heterogeneity is modeled 
and characterized, multi-robot control can be achieved. The heterogeneity will be sensitive to the 
control inputs of rotation frequency and magnetic field strength, which in turn will allow us to 
directly manipulate the microswimmers’ individual swimming velocities. In doing so, large number 
of microswimmers can be effectively controlled for tasks like centralization and decentralization, 
swimming in concert, and traveling to multiple targeting sites. 
While many previous work had considered the control of single microswimmers to navigate 
and perform tasks in low Reynolds number, the idea of navigating in vivo for drug delivery haven’t 
been seriously considered. Realistically, a large number of microrobots are needed to carry the 
necessary dosage, but may result in a relative small percentage reaching the target (Freitas 2006). 
This is due to cumbersome control caused by homogeneous responses of robots under a global 
control signal and the inability to navigate dimensionally-limited pathways. This effectively impose 
limitations that hinder the scalability of deployment number and drug dosage. To approach a 
feasible solution for drug delivery, multi-robot control must be implemented in order to effectively 
manipulate a large number of micro/nanorobots to target locations. 
In a drug delivery scenario using multi-robot control, it is envisioned that numerous 
coordinated teams of micro- or nanorobots will converge and gather at a specific location to release 
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the pharmaceutical payloads in order to enhance drug accumulation on small targets such as 
cancerous cells. There are a number of existing strategies on multi-robot control including the 
stress-engineered MEMS microrobots driven using transition voltages (Donald, Levey, and 
Paprotny 2008), the wireless resonant magnetic microactuators controlled through resonant 
frequencies (Frutiger et al. 2010), the identical microrobots selectively positioned using specialized 
surfaces (Pawashe, Floyd, and Sitti 2009), the heterogeneous magnetic microrobots manipulated in 
3D using magnetic fields (Floyd et al. 2011, Diller, Giltinan, and Sitti 2013), and the magnetotactic 
protozoan cells steered independently using single inputs (Becker et al. 2013, Kim, Becker, et al. 
2013). The limitations of these strategies lies in their need for unique near- or on-surface 
microrobots or specialized test bed surfaces, which consequently narrow the range of potential 
applications. Here, a strategy is presented to control multiple geometrically similar rotating 
magnetic microswimmers in bulk-fluid, for which each swimmer is given the same control input. 
This concept of multi-robot control capitalizes the microswimmers’ magnetic heterogeneity, which 
is applicable not only to the three-bead microswimmers discussed in this paper, but also to most 
rotating magnetic microswimmers such as the widely-studied helical structured microswimmers 
(Ghosh and Fischer 2009, Tottori et al. 2012, Peyer, Zhang, and Nelson 2011a, Temel and Yesilyurt 
2011).  
 Individual Control using Magnetic Heterogeneity 
As discussed in Chapter 2, the achiral microswimmer required specific rotation axes to swim 
which are controlled by the relationship between the rotating field’s frequency and strength Figure 
3.1(a). By controlling the field’s frequency, strength, and direction; microswimmers’ velocities, 
modes of motion, and heading direction can manipulated, respectively. The mode of motion is 
defined here as swimming form of a microswimmer as a result of its rotation axis’s relative distance 
and orientation to the its body (Figure 3.1(c) left). For multi-robot manipulation, it is crucial to 
artificially create heterogeneity by fabricating two types of microswimmers with different magnetic 
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properties. With such heterogeneity, the microswimmers will exhibit different modes of motion 
under a global field, thus a single control input will yield two distinctive velocities from the two 
microswimmers. 
For multi-robot control, geometrically similar microswimmers with distinctive magnetic 
properties were fabricated using two types of beads of the same size with different magnetic 
properties (Spherotech AM-40-10 and AFM-40-10) in order to artificially create magnetic 
heterogeneity among microswimmers with similar geometries (three beads). A population of 
microswimmers with homogeneous magnetic properties will respond similarly under a global 
magnetic field. However, two populations of microswimmers with distinctive magnetic properties 
will allow for different magnetic responses under a global rotating field, thereby leading to different 
swimming velocities, modes of motion, and directions. Additionally, geometrically heterogeneity 
can also be used, such as four beads or five beads which increases scalability and versatility for 
different scenarios where different shapes of microswimmers are needed. 
 
 
  
 Figure 3.1. (a) Schematic of an achiral microswimmer rotating about non-symmetrical axes to 
achieve propulsion. The dashed arrow line is the rotation axis, which also indicates the swimming 
direction. (b) Schematic of the torque balance model. (c) (left) Illustrations showing the parameters 
used for the characterization of rotation axis and (right) the distances of each beads from the rotation 
axis corresponding to L1,2,3. (Cheang, Lee, et al. 2014) 
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 Torque Balance Model 
Using the low Reynolds number assumption, the two opposing angular torques, magnetic 
torque Tm and hydrodynamic torque Tr, must counterbalance in order to achieve synchronous 
rotation between the microswimmer and the magnetic field at a steady angular velocity with a 
constant phase lag angle: 
܂௠ ൌ െ܂௥ (3.1)
There is a common misconception that the condition ǀTmǀ > ǀTrǀ is needed for rotation to occur 
and that ǀTmǀ = ǀTrǀ will lead to no rotation. For steady synchronous rotation between the magnetic 
torque and the hydrodynamic torque should be equal under Stoke’s law approximation as shown in 
Equation (3.1). This relationship was discussed in a number of papers (Sandre et al. 1999, Biswal 
and Gast 2004). The rationale is the equation of motion can be reduced to the simple torque balance 
because the low Reynolds number and high Péclet number took out the inertia and thermal diffusion 
respectively. Furthermore, the rotation at a steady angular velocity allows for a steady value for the 
phase lag angle. Another way to think of this is that, in order to create steady rotation with a steady 
value for the phase lag angle, the hydrodynamic torque would need maintain a constant relationship 
with the magnetic torque. Hence, when magnetic field rotate at a constant rate, the swimmer must 
also rotate at the same rate at a phase lag angle less than 90º. If the magnetic torque is greater than 
the hydrodynamic torque (ǀTmǀ > ǀTrǀ), the phase lag angle will decrease, which is not steady, until 
ǀTmǀ = ǀTrǀ. For instance, if the magnetic field is static (not rotating) and points at the x direction 
while an magnetic object’s dipole points in the y direction. At this instant, the phase lag is 90º with 
the condition ǀTmǀ > ǀTrǀ; then the 90º lag will decrease to a point until ǀTmǀ = ǀTrǀ. The exception 
here is when the phase lag angle is already at 0º, then it is possible to get steady rotation under ǀTmǀ 
> ǀTrǀ. This phenomenon of maintain a steady synchronous rotation was also explained by Melle et 
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al. (Melle, Fuller, and Rubio 2000). 
The magnetic torque is expressed as  
ࢀ௠ ൌ ܕ௦ ൈ ۰ (3.2)
where ms is the magnetic moment vector of the microswimmer and B is the magnetic field vector. 
Figure 3.1(b) illustrates a schematic for the magnetic torque Tm and hydrodynamic torque Tr. The 
magnetic torque of the microswimmer can be calculated as the sum of the torque exerted on each 
bead, which is similar to previous work on chains or magnetic spheres (Wilhelm et al. 2003, Melle, 
Fuller, and Rubio 2000, Biswal and Gast 2004, Sandre et al. 1999), 
܂௠ ൌ 27ߤ଴݉
ଶ
64ߨܴଷ ݏ݅݊ሺ2ߙሻܖ (3.3)
where µ0 is the permeability constant (4π×10-7 T·m/A), R is the radius of the beads, m is the 
magnetic dipole induced by the B field, α is the phase lag angle, and n is the unit vector 
perpendicular ms and B vectors. For steady synchronous rotation, the phase lag α should be less 
than π/4 rad or 90º (Biswal and Gast 2004). 
The hydrodynamic torque due to resistance from the rotational motion under stokes 
approximation is  
܂௥ ൌ െߟۻષ (3.4)
where η is the dynamic viscosity, M are the rotational resistance tensors, and Ω are the rotational 
motion (Happel and Brenner 1965a). The hydrodynamic torque Tr can be considered the combined 
torque of the three individual beads revolving from the rotation axis (Doi and Edwards 1986). Since 
the microswimmers were observed to be rigid, the angular velocity Ω is the same for all three beads. 
The hydrodynamic drag of i-th bead is modeled using Stoke’s law,  
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۴ௗ,௜ ൌ െ6ߨߟܴܞ௜ , (3.5)
where vi is the tangential velocity of the i-th bead and R is the radius of the bead. The hydrodynamic 
torque due to the drag of the i-th bead can be written as 
܂௥,௜ ൌ ܚ௜ ൈ ۴ௗ,௜, (3.6)
ൌ െ6ߨߟܴሺܚ௜ ൈ ܞ௜ሻ (3.7)
where ri is the vector position of the i-th bead. Taking the sum of the hydrodynamic torques from 
each of the three beads, 
܂௥ ൌ ܂௥,ଵ ൅ ܂௥,ଶ ൅ ܂௥,ଷ , (3.8)
ൌ െ6ߨߟܴ෍ܚ௜ ൈ ܞ௜
ଷ
௜ୀଵ
, (3.9)
ൌ െ6ߨߟܴ෍ܚ࢏ ൈ ሺષ ൈ ܚ࢏ሻ
૜
࢏ୀ૚
. (3.10)
Denote 
ષ ൌ ሾെ߱, 0, 0ሿ் (3.11)
ܚ࢏ ൌ ሾݔ௜, ݕ௜, ݖ௜ሿ் . (3.12)
Therefore 
ܚ௜ ൈ ሺષ ൈ ܚ௜ሻ ൌ ߱ൣെݕ௜ଶ െ ݖ௜ଶ, ݔ௜ݕ௜, ݔ௜ݖ௜൧் . (3.13)
Substituting (3.13) into equation (3.10) 
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܂௥ ൌ 6ߨߟܴ߱ ൥෍ݕ୧ଶ ൅ ݖ௜ଶ
ଷ
௜ୀଵ
,෍െݔ௜ݕ௜
ଷ
௜ୀଵ
,෍െݔ௜ݖ௜
ଷ
௜ୀଵ
൩
்
	. (3.14)
The y and z components of Tr are zero since the rotation axis is assumed to be along the x axis. 
Therefore, 
܂௥ ൌ 6ߨߟܴ߱ሾܮଵଶ ൅ ܮଶଶ ൅ ܮଷଶ, 0, 0ሿ் , (3.15)
where 
ܮ௜ ൌ ටݕ௜ଶ ൅ ݖ௜ଶ , (3.16)
Combining (3.11) and (3.15), 
܂ܚ ൌ െ6ߨߟܴሺܮଵଶ ൅ ܮଶଶ ൅ ܮଷଶሻષ . (3.17)
where L1,2,3 are the beads’ distances from the rotational axis (Figure 3.1(c) right). 
 Rotation Axis Simulation 
Based on the torque balance in Equation (3.1), an analytical simulation was performed to 
characterize the change in rotation axis by changing the rotation frequency of the swimmer ω while 
keeping the field strength constant (Figure 3.2(a) top). Concurrently, the rotation axis was observed 
in experiment (Figure 3.2(a) bottom). In both simulation and experiment, the magnetic field 
strength was kept at 5.06 mT while the magnetic field’s frequency increases from 1 - 6 Hz. The 
experimental results match favorably with the analytical prediction. Noted that the rotation axis 
changes in the body-fixed perspective, as such, the figure shows changes in the microswimmer’s 
orientation relative to the rotation axis. To compare the simulation and experiment quantitatively, 
the angle between the major axis to the rotation axis, β, and centroid’s distance from the rotation 
axis, d, were measured (Figure 3.1c left). The discrepancies for β and d were less than 0.35 rad and 
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0.55 µm respectively (Figure 3.2b and Table 3.2). The relationship in Equation (3.1) depicts that 
L1,2,3 in Equation (3.17) must change in order to maintain torque balance, thus, the rotation axis 
must change in order to compensate for the change in rotation frequency; likewise the rotation axis 
will also change to compensate for changes in the field strength if frequency stays constant.  
 
 
  
 
 
 
 Figure 3.2. (a) Qualitative comparison of the simulation prediction of the change in rotation axis to 
the experimental characterization of the change in rotation axis. The scale bar is 5 µm. (b) 
Quantitative comparison of the orientation and the distance of centroid from the rotation axis. 
(Cheang, Lee, et al. 2014) 
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 Modes of Motion 
The change in rotation axis corresponds to different modes of motion. Different modes and 
rotation axis yield different velocities. As the rotation axis changes, the velocity profile as 
frequency increases will be nonlinear (Figure 3.3). There are observable three modes of motion, 1) 
rotation resulting in negligible propulsion, 2) rotation resulting in non-reciprocal motion and active 
propulsion, and 3) wiggling motion resulting in negligible propulsion. The images below the plot 
in Figure 3.3 show the trajectory of a representative microswimmer under the three different modes 
of motion. The trajectories were measured for 3 seconds. The wiggling motion was observed in the 
third image which is a result of the phase lag angle α being larger than π/4 (90º); in other word, no 
steady synchronous rotation. 
 
 
Table 3.2. Value for L1, L2, and L3 for the simulation and experiment in Figure 3.2(b). (Cheang, 
Lee, et al. 2014) 
 
  1 
HZ 
2 
HZ 
3 
HZ 
4 
HZ 
5 
HZ 
6 
HZ 
EXPERIMENT
L1 3.84 3.60 2.40 1.76 0.80 0.16 
L2 0.08 0.08 0.64 0.80 0.88 0.64 
L3 -
4.08 
-
4.16 
-
2.80 
-
2.00 
-
1.28 
-
0.48 
SIMULATION 
L1 5.07 4.64 3.49 3.49 0.91 0.48 
L2 0.87 0.44 2.18 2.18 1.74 1.31 
L3 -
3.33 
-
3.77 
-
1.05 
-
1.05 
0.32 -
0.12 
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 Control of Two Achiral Microswimmers 
Two batches of magnetically distinctive microswimmers were fabricated using two types of 
beads (Spherotech AM-40-10 and AFM-40-10) and then transferred to a polydimethylsiloxane 
(PDMS) chamber (3 mm in diameter and 2 mm in height). The different magnetic properties of the 
two batches will yield the heterogeneity mentioned previously. The microswimmers were 
submerged in 0.3 mg/ml NaCl solution to increase buoyancy. The chamber was closed and sealed 
to prevent evaporation and to minimize flow; and then placed inside the approximate Helmholtz 
 Figure 3.3. Plot showing average speed of a microswimmer at various frequencies of the rotating 
field with a constant field strength. Under this condition, the microswimmer undergoes varying 
torque balance conditions resulting in different modes of motion. The error is from the pixel size of 
the camera and the time of observation. The images show the trajectories of the three modes of 
motions for 3s. Scale bar is 5 µm. (Cheang, Lee, et al. 2014) 
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coils for experiments. 
A 40s video (63× magnification and 60 frames per seconds) was captured showing three 
different scenarios as representative results, where two microswimmers exhibited different speed 
and directions under a global magnetic field (Figure 3.4). Figure 3.4(b) shows a plot of the speed 
profiles of both swimmers for the full 40 seconds duration, measured every 4 seconds. In each 
scenario, the field strength varied while the frequency stayed constant (6 Hz) to trigger changes in 
rotation axis leading to different modes of motions from the two microswimmers. Since the two 
microswimmers are from difference batches, they are magnetically heterogeneous; thus, they will 
exhibit different modes of motion from each other in all three scenarios. In the first scenario, from 
0 to 2 seconds, the two microswimmers swam in opposite directions with very similar speed 
profiles. The red (solid line trajectory) and blue (dotted line trajectory) microswimmers traveled at 
average speeds of 0.357 m/s and 0.346 m/s respectively (Figure 3.4a top); the rotation frequency 
and field strength were 6 Hz and 2.315 mT respectively. The opposite swimming directions is due 
to their opposite handedness (this will be discussed further in Chapter 6). The oscillation seen in 
the middle in Figure 3.4a, when the two microswimmer crossed paths, was due to their 
hydrodynamic interaction causing them to swirl around each other. The swirling motion 
corresponds to the peak speed at 12 second in Figure 3.4b. At around 23 second, no magnetic field 
was applied resulting in no ballistic motion for both microswimmers. The small speeds in Figure 
3.4 were due to diffusivity, unsteady fluid conditions, and small residual magnetic fields from out 
of focused/view nearby magnetized beads. In the second scenario, from 23 to 32 seconds, the red 
microswimmer swam to the right side at an average speed of 0.719 m/s and the blue 
microswimmer was near-stationary with an average speed of 0.112 m/s (Figure 3.4a middle). The 
frequency and field strength were 6 Hz and 1.8 mT, respectively. In the third scenario, from 32 to 
40 seconds, the microswimmers swam opposite directions. The red microswimmer swam to the top 
at an average speed of 0.646 m/s while the blue microswimmer swam to the bottom at a much 
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slower average speed of 0.429 m/s (Figure 3.4a bottom). The rotation frequency and field strength 
were 6 Hz and 2.025 mT, respectively. The experiment successfully demonstrated the use of 
microswimmers’ modes of motion to control multiple microswimmers. 
 
 
  
 
 
 Summary 
In summary, a strategy to control multiple robotic microswimmers was demonstrated in bulk 
fluid using a global magnetic field. Multiple robot control was invoked by taking advantage of the 
magnetically heterogeneity among two microswimmer populations. The magnetic heterogeneity 
was artificially created by through the fabrication process. To create artificially heterogeneous 
achiral microswimmers, two types of magnetic beads of the same size were used. Using analytical 
modeling and experiments, the microswimmer’s modes of motions were characterized. As a result, 
Figure 3.4. (a) Experiment demonstrating control of two magnetically heterogeneous 
microswimmers (red and blue trajectories). The three images show different time intervals when 
the microswimmers exhibited different modes of motion. (Top) From 0 to 23s, the two 
microswimmers swam in opposing directions with comparable velocities. (Middle) From 23 to 32s, 
the red microswimmer swam to the right while the blue microswimmer showed no active 
propulsion. (Bottom) From 32 to 40s, the microswimmers swam in opposing directions with 
different velocities. The scale bar is 10 µm. (multimedia view) (b) Plot showing the average 
velocities of the two microswimmers in during the experiment. (Cheang, Lee, et al. 2014) 
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a control scheme was developed to simultaneously manipulate multiple units to exhibit different 
velocities using a global control input. This multi-robot control strategy is a step towards addressing 
the challenges of utilizing multiple units of micro/nanorobots for biomedical applications such as 
localized targeted drug delivery. 
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Chapter 4 : Modular Microrobotics 
 Introduction 
In drug delivery, one of the emerging technologies is particulate drug delivery systems; but 
the difficulties in overcoming the in vivo microenvironments hindered their development. Here, a 
robotic strategy was developed that can utilize the advantages of particulate technologies while 
adding on the mechanical power of microrobots. Like the vast variety of microorganisms 
navigating many different bio-environments, different microswimmers of different shapes and 
sizes can navigate in different environments. Modular microrobotics using magnetic particles as 
the modular units to change size and shape through docking and undocking, giving the ability to 
dynamically adapt to changeable environments and to configure the swimmers’ geometries for the 
tasks at hand, much like traditional modular robotics. The docking is modeled as magnetic 
assembly and undocking mechanisms is modeled as hydrodynamically-driven deformation, and the 
swimming capability of the modular microrobots is characterized under different configurations. 
Finally, modular microrobotics was demonstrated by changing a three-bead microswimmer into a 
nine-bead microswimmer, then broking it up into three independently swimming microswimmers. 
 Modular Microrobotics 
Recent developments in microrobotics have shown revolutionary potential to improve 
minimally invasive surgical procedures by use of microscopic devices for highly controllable and 
precise manipulation. For microscale navigation, overcoming the low Reynolds number paradigm 
is the first challenge which states that inertial forces are negligible; this in turn limited microscale 
robots to only use viscous forces for locomotion (Purcell 1977). Many types of microrobots, such 
as the helical chiral swimmers (Tottori et al. 2012, Ghosh and Fischer 2009, Cheang et al. 2010, 
Temel and Yesilyurt 2011, Peyer, Zhang, and Nelson 2011b), flexible body swimmers (Dreyfus et 
al. 2005, Gao et al. 2012a), biological robots (Steager, Sakar, Kumar, et al. 2011, Kim et al. 2010), 
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and chemical propellers (Manesh et al. 2010, Solovev et al. 2009, Hong et al. 2007, Gao et al. 
2013) to name a few, had overcome the low Reynolds number limitation to generate propulsion. 
So far, the existing microrobots have demonstrated excellent capabilities to move or work in 
homogenous environments. Furthermore, they are tailored for traveling in specific types of 
environments and for completing specific tasks at hand; evidently there had been a number of 
specialized robots for on-surface transportation (Steager, Sakar, Kumar, et al. 2011, Sakar et al. 
2010, Tung et al. 2013), tissue incision (Xi et al. 2013), retinal veins puncture (Dogangil, 
Ergeneman, Abbott, Pane, et al. 2008), and cell scaffolding (Kim, Qiu, et al. 2013). Contrary to 
specialized robots, modular robots with the ability to change their shape can adapt to varying tasks 
and environments and can respond to unpredictable situations (Yim, Ying, and Duff 2002). 
Applying this principle in microscale, reconfigurable microrobots can potentially be useful for in 
vivo environments. In practical terms, it must be considered that microswimmers will encounter 
many different environments, such as the circulatory system with various vessel diameters and 
microscopic heterogeneity (Nelson, Kaliakatsos, and Abbott 2010). Much like the snake-like 
modular robots using modules for reconfiguration (Yim, Zhang, and Duff 2002), the modular 
microrobots in this work utilize magnetic beads as basic building block which comes with the 
benefits of versatility and low cost, and synergize well with the particulate drug delivery paradigm. 
Tottori et al. introduced a method to assemble and disassembled helical microswimmers together 
using magnetic force and hydrodynamic interactions, and studied the different assembled 
configurations and swimming properties (Tottori et al. 2013). Their work indeed offered a 
perspective to dynamically reconfigure size and shape of microswimmer and the implication to 
swimming; however, the underlining helical shape, while great for swimming, is not ideal for 
modulation as the maximum number of assembled swimmers is three and the impact of such 
assembly does not highlight advantages of swimming in changeable environments.  
In drug delivery, many problems can arise on the delivery route from the injection site to the 
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tumor. Using the ERP effects in the areas of leaky vasculature (Torchilin 2011, Davis 2008, Jhaveri 
and Torchilin 2014, Prabhakar et al. 2013, Mansilla et al. 2012) and ligand coatings to promote 
binding with specific receptors of disease cells (Davis 2008, Wu and Chang 2010) can improve 
accumulation. However, the movement of particles is heavily influenced by uncontrollable factors 
such as blood flow and convective forces during circulation and extravasation (Prabhakar et al. 
2013, Kobayashi, Watanabe, and Choyke 2014). In addition, high interstitial forces and 
extracellular matrix in the tumor microenvironment keep particles away from cancer cells far from 
blood vessels (Prabhakar et al. 2013, Kobayashi, Watanabe, and Choyke 2014). In essence, 
particles relying on diffusion will be at the mercy of the microenvironment. The use of microrobots 
allow the use direct manipulation using externally induced forcing via magnetic fields. This can 
help overcome adverse flows/pressures and penetrate physical barriers. Moreover given the many 
environments and obstacles presented during a drug delivery process, including circulation, 
extravasation, and navigating in the tumor microenvironment, microrobots designed for specific 
environments that have no means for adapting to changes might lead to non-optimal results. For 
example, the achiral swimmer’s (Cheang, Meshkati, et al. 2014) non-spherical shape may be 
advantageous for adhesion to blood vessel walls to enhance particles accumulation within the tumor 
(Godin et al. 2012), but its larger size may not be optimal for extravasation. Similarly, the high 
aspect ratio of helical type swimmers may not extravaste well in certain tumor types (Smith et al. 
2012). Here, a type of microswimmer is introduced with the ability to modulate its shape and size 
using magnetic forces.  Figure 1.4 illustrates the modular microswimmers using magnetic beads as 
modular units and the vision to use this strategy to potentially address some of the issues in 
particulate drug delivery systems.  
 Elongation of Microswimmers 
The microswimmers in this work consist of magnetic microbeads (4.35 µm in diameter, 
Spherotech) conjugated together using magnetic self-assembly. In the content of modular 
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microrobotics, the microswimmers have different configurations which are referred to as 3-bead, 
4-bead, 5-bead, etc. As previously investigated, the minimal geometry requirement for low 
Reynolds number swimming is three beads (Cheang, Meshkati, et al. 2014). Microswimmers with 
more than three beads also demonstrated swimming capability. Due to dipole-to-dipole assembly 
(Zhang, Nelson, and Dong 2012), assembly of beads will not result in random aggregations, rather 
beads assembled together in a chain-like fashion. Figure 4.1 shows representative examples of 
three, four, and five bead microswimmers. It can be seen that the multi-bead microswimmers are 
not perfectly linear; this is due to various microscopic surface forces, such as friction from surface 
roughness or electrostatic forces, which breaks the linearity and introduce geometrical variations. 
This is in fact advantageous since perfectly straight structures, such as that of a straight line, cannot 
generate propulsion upon rotation.  
To characterize the differences between different configurations, the swimming speed of 
microswimmers with different body lengths were statistically measured. Based on the experimental 
characterization, it was shown that the longer (more beads) the microswimmers, the faster they will 
swimmer, as shown in Figure 4.1. Data for each configuration from Figure 4.1 was taken from 
multiple microswimmers; where the three bead swimmers rotating at 6 Hz have an average velocity 
of 2.53 ± 0.56 µm/s and the eleven bead swimmers have an average velocity of 17.85 ± 1.51 µm/s. 
The standard deviations are generally larger for microswimmers with more beads due to 
geometrical reasons, since each additional bead does not perfectly line up linearly and will add to 
geometrical variations. 
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 Docking and Undocking 
Hydrodynamic and magnetic interactions for docking and undocking. The docking 
mechanism is the result of magnetic attraction and hydrodynamic repulsion. This was first observed 
in experiment where non-motile magnetized particles in close proximity will automatically self-
assembled due to magnetic attraction. When a rotating microswimmer approaches a particle, the 
flow generated around the swimmer’s body prevent contact with the particle. Therefore, it was 
understood that docking is possible if the magnetic attraction between the magnetic swimmer and 
particles is stronger than the hydrodynamic forces that keep them apart. The magnetic force 
between particles can be expressed as,  
ࡲ࢓ ൌ ߘሺ࢓ ∙ ࡮ሻ (4.1)
where m is the dipole strength and B is the magnetic flux density. The dipoles of the microswimmer 
and a single particle are different, hence, the expression can be written in terms of their individual 
dipole strengths and their distances r from each other, 
Figure 4.1. Multi-bead microswimmers. The images show representative examples of 3-bead, 4-
bead, and 5-bead microswimmers. The plot shows statistical data on the swimming velocities of 
swimmers with different number of beads. 
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ࡲ࢓ ൌ ࢓௦࢓௕ 3ߨ4ߤݎସ (4.2)
where µ is the permeability of water and ms and mb are the dipole for the swimmer and single 
magnetic bead respectively.  
The flow that prevents contact is generated from the microswimmer’s and the bead’s 
rotations. The resulting separation distance is likely due to a repulsive force. This can be described 
with a scalable model(Grzybowski, Stone, and Whitesides 2000, Grzybowski et al. 2001) 
ࡲ࢘ ∝ ߩܴସ࣓ଶ (4.3)
where ρ is the density, R is the radius of particle, and ω is the rotational frequency. Note that the 
repulsive force from equation (4.3) is possible due to small inertia effects in the realm of viscosity-
dominated flows at low (non-zero) Reynolds number (Grzybowski, Stone, and Whitesides 2000, 
Grzybowski et al. 2001). This repulsion is due to high pressure built up in the space between the 
microswimmer and the bead (Grzybowski and Whitesides 2002). The net effect of the magnetic 
attraction and hydrodynamic repulsion will have three outcomes as a result of adjusting the rotation 
frequency of a microswimmer as it approaches a single bead: 1) the swimmer under low rotation 
frequency will allow for the bead to move radially inward within the microswimmer’s flow field 
leading to docking, 2) the swimmer under moderate rotation frequency balance the magnetic 
attraction and hydrodynamic repulsive in order to keep the bead at a separation distance creating a 
“orbiting” effect, and 3) the swimmer under high rotation frequency will repulsive the particles 
radially outward and increase the distance between the swimmer and bead. 
During the undocking process, a microswimmer breaks into two or more smaller 
microswimmers as the resulting drag force breaking the magnetic bonding force which can be 
expressed as 
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ࡲ࢈ ൌ ࡮
ଶܣ
2ߤ  (4.4)
where A is the contact surface area between two particles, B is magnetic flux density, and μ is the 
permeability. From the experimental observations, a longer microswimmer with more beads is 
much more likely to break than a shorter one. This is due to the increased amount of drag on the 
larger surface area of the longer microswimmer. The drag is modelled by combining the drag of 
the individual beads and the beads were modelled as revolving spheres similar to the case of a 
pendulum with a full circular path (Cheang, Lee, et al. 2014, Sandre et al. 1999, Biswal and Gast 
2004, Wilhelm et al. 2003, Melle, Fuller, and Rubio 2000); therefore, the drag is modeled using 
tangential velocity, Fd = 6πηRv. The total drag on the swimmer’s body can be expressed as 
ࡲ࢙ ൌ 6ߨߟܴࢹ෍ ܮ௜
௡
௜ୀଵ
 (4.5)
where Li are the beads’ distances, R is the beads’ radius, η is dynamic viscosity, and Ω is the beads’ 
angular velocity. Based on equation (4.5), the microswimmer at longer lengths have a lower 
rotation frequency limit for breaking. In addition, the implication of L in equation (4.5) denote that 
increased perpendicularity also increases drag. 
 
 
61 
  
 
 
 Experimental Investigation of Docking and Undocking.  
The docking and undocking processes were experimentally observed in numerous 
experiments, including the failure to dock due to hydrodynamic forces overcoming magnetic 
Figure 4.2. (a) Experimental demonstration of docking and undocking by manipulation of the 
control inputs (field strength and rotation frequency). (b) During a failure to dock, the particles will 
orbit around the microswimmer due to hydrodynamic force. 
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forces, in order to verify repeatability. In the representative example in Figure 4.2(a), a 7-bead 
swimming microswimmer rotating at 15 Hz (0 to 9s) transformed into different shapes and size 
through disassembly and assembly. In accordance to equation (4.5), the drag on the swimmer was 
increased by increasing the rotation frequency to 50 Hz during the time frame 10 to 15s. The 
hydrodynamic stress on the swimmer due to the high rotation frequency physically deformed the 
swimmer by creating a twisting effect which led to undocking at 16s where the swimmer broke into 
a 3-bead and 4-bead swimmer. The 3-bead swimmer demonstrated swimming at 15 Hz while the 
4-bead structure remained stationary during 68 to 70s. Cheang et al. provided a detailed explanation 
on why one structure can swimming while the other does not (Cheang, Lee, et al. 2014). At 60 to 
70s, the 3-bead swimmer then approached the 4-bead structure for docking, however, one of the 
beads from the 4-bead structure undocked, resulting in a final assembled structure as a 6-bead 
swimmer. From 71 to 84s, the 6-bead swimmer demonstrated swimming at 15 Hz. Essentially the 
docking and undocking process requires the manipulation of hydrodynamic forces on the swimmers 
by adjusting the rotation frequency; the hydrodynamics force should be minimized for docking and 
maximized for undocking. To demonstrate failure to dock due to increased hydrodynamic 
activities, Figure 4.2(b) illustrates a single bead orbits around a microswimmer at 20 Hz without 
mechanical contact. For the 3-bead microswimmers in this paper, 20 Hz was observed to be the 
cutoff frequency for successful docking, where most of the case higher than 20 Hz will result in 
failure. Similarly, from previous studies, the rotating nanowire (Zhang et al. 2012) at high 
frequency (21 Hz) and the artificial bacterial flagella (Peyer, Zhang, and Nelson 2011b) can repel 
a microbead using their flow profile. 
 Simulation of Hydrodynamic Interactions.  
Computational Fluid Dynamics (CFD) models were created using finite element methods 
(FEM) to understand and validate the hydrodynamic aspect of the docking and undocking 
processes. COMSOL Muliphysics was used to model 1) the velocity flow field of a 3-bead 
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microswimmer to investigate the shearing experienced rotation and 2) trajectories of particles 
passing through the flow field of the 3-bead microswimmer, which in turns will characterizes the 
stress exerted on the microswimmer under various rotation frequencies and validates the 
hydrodynamics repulsion during high frequency rotation. The diameter of the beads (4 µm), the 
structure of the microswimmer, and rotation axis were chosen to match the experiments. The 
surface of the microswimmer is considered as no slip boundaries. The microswimmer is submerged 
in a cylinder volume of water in laminar flow condition. Modeling a 3-bead microswimmer will be 
a sufficient representation since the principles to manipulate hydrodynamic forces using rotation 
frequency is the same for microswimmers with more beads. The first model in Figure 4.3(a) shows 
a 3-bead microswimmer rotating at 5 Hz where the colors on the surface of the swimmer illustrate 
the shear rate of on the swimmer. The plot on Figure 4.3(a) is the stress resultant, which is 
calculated by integrating total stress over the surface of the microswimmer, at 5, 10, 15, 20, and 25 
Hz. The relationship between stress resultant and rotation frequency is linear, which corroborates 
well with equation (4.5) for drag force. Figure 4.3(b) is a particle tracking model demonstrating 
how particles passing the microswimmer will orbit the microswimmer as the particles get caught 
in the microswimmer’s flow field. The orbiting phenomena displayed in the particle tracking 
simulation corroborate the same phenomena observed in the experiment in Figure 4.2(b). 
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 Figure 4.3. (a) Simulation of a rotating 3-bead microswimmer at 5 Hz. The corresponding plot 
shows the stress resultant at various rotation frequencies. (b) Simulation of how particles travel 
around a rotating swimmer illustrates how a magnetic bead can be pushed away. 
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 Demonstration of Modular Microrobotics.  
A representative experiment was performed showing the extent of the modular 
microswimmer by starting with a microswimmer with minimal number of beads (3 beads) and 
modulate into a nine bead swimmer. Note that the maximum number of beads observed for steady 
swimming is thirteen beads; where bead-chains more than thirteen beads are highly unstable upon 
rotation, resulting in disassembly even at low frequencies. Figure 4.4 is a collage of the experiment 
showing 7 stages. At stages 1, the microswimmer started as a 3-bead microswimmer and assembled 
with a single non-motile bead to become a 4-bead microswimmer. Likewise from stage 2 to 6, the 
microswimmer continued to assemble with nearby single beads until it morphed into a 9-bead 
microswimmer. At each of the stages involving docking, the rotation of the microswimmer was 
decreased in order to promote magnetic assembly by reducing the repelling force. At stage 7, a high 
rotation frequency was introduced which sequentially breaks the microswimmer into three entities: 
a 2-bead structure, a 3-bead microswimmer, and a 4-beads microswimmer. The 3-bead and 4-bead 
microswimmers had shown the ability to swim, whereas the 2-bead structure had also moved but 
was speculated to be driven by neighboring flow fields. 
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 Summary  
The capability to use magnetic microbeads as modular units have been demonstrated to 
dynamically morph microswimmers into different shapes and sizes through docking and 
undocking. The resulting transformations change the size and aspect ratio of the microswimmers 
which results in different swimming velocities; the experimental data show that the more beads a 
microswimmer has, the faster it will swim. The magnetic beads that make up the microswimmers 
are held together primarily by magnetic forces while other lesser surface forces such as friction 
contribute to their final near-linear structures. The docking process was analytically described as 
the magnetic attraction overcoming hydrodynamic repelling force during rotation, and the 
undocking process as the drag causing stress on the swimmers’ bodies to break the magnetic 
Figure 4.4. Representative experiment of a modular microrobot. From (a), a 3-bead robotic 
microswimmer approaches and assemble with a single non-motile bead and transform into a 4-bead 
microswimmer. From (b) to (c), the microswimmer continues to approach and combine with single 
beads, and eventually modulate into a 9-bead microswimmer. At (d), the 9-bead microswimmer 
breaks into three different microswimmers under high rotation frequency due to increased shear 
stress leading to structural flexing. 
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bonding between beads. Using these analytical understandings, rotation frequency was isolated as 
the key control parameter for docking and undocking. Furthermore, CFD simulations were used to 
validate the claims. The experimental data suggested that low frequency rotations yield weaker 
flow fields and repelling forces allowing particles to make contact and magnetically assembly; 
whereas high frequency can break the magnetic bonding between beads through drag force. In a 
comprehensive effort to showcase the modulation capability, it was demonstrated that a 3-bead 
microswimmer can be transformed into a 9-bead swimmer using through docking, and then broken 
down through undocking.  
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Chapter 5 : Self-Assembled Flexible Micro- and Nanoswimmers 
 Introduction 
The self -assembled micro- and nanoswimmers consists of many beads assembled together 
into a flexible chain (Vuppu, Garcia, and Hayes 2003, Biswal and Gast 2004, Cēbers and Javaitis 
2004). A self -assembled swimmer experience body deformation until it becomes a rigid chiral 
shape, which, under a rotating magnetic field, will lead to propulsion; similar to the case with 
flagella being rigid during rotation. The advantage of using sample self-assembly of nanoparticles 
is the synergy to existing particulate drug delivery research. The control of nanoparticles in this 
Chapter will serve to address the challenges in particulate drug delivery to target diseased site. 
Inorganic microswimmers, such as the some of the existing helical and flexible microrobots 
(Zhang et al. 2009, Ghosh and Fischer 2009, Dreyfus et al. 2005, Gao et al. 2012b), are very 
effective swimmers, but are generally constrained by micro- and nanofabrication methods that are 
costly, complex, or size-limiting. Biological swimmers, such as the bacteria-powered microrbots 
(Steager, Sakar, Kumar, et al. 2011) and the artificially magnetotactic Tetrahymena pyriformis 
(Kim et al. 2010), are easy and low cost to fabrication due to massive cell culturing, but are not 
suited for in vivo applications. Chemical propellers are fast swimmers but their chemical 
byproducts may lead biocompatibility issues. While these swimmer are very capable to navigate at 
the microscale and advantageous for a number of specific applications (Tottori et al. 2012, 
Magdanz, Sanchez, and Schmidt 2013, Xi et al. 2013, Solovev et al. 2012, Kim, Qiu, et al. 2013, 
Dogangil, Ergeneman, Abbott, Pané, et al. 2008, Fusco et al. 2013), and none of them claimed a 
specificity for drug delivery. Considering the progress of current nanoparticle drug delivery 
systems and their respective advantages, the magnetic nanoparticles (MNPs) microswimmers seeks 
to keep in line nanoparticle drug delivery paradigm in order to share the same advantages including 
but not limited to tissue penetrability, high carrier capacity, and functionalizable structure 
(Gelperina et al. 2005, Basarkar and Singh 2007). The use of microrobotic control can offer a 
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potential strategy to control magnetic particles with nanoscale precision which will complement 
the shortcomings of nanoparticle DDS to target specific sites. 
The MNP microswimmers is fabricated using self-assemble of nanoparticles. Once 
fabricated, they can be actuated via rotating magnetic fields. Their flexible bodies convert rotation 
motion into translation motion. A similar recent work on the  chiral nanopropellers demonstrated 
the use of carbon coated iron oxide to create rigid chiral geometry (Vach et al. 2013). In contrast, 
the MNPs use magnet force for assembly resulting in high aspect ratio flexibly filaments and 
structural flexibility to increase capability for low Reynolds number locomotion. 
 Fabrication using Nanoscale Magnetic Assembly 
The MNP micro- and nanoswimmers are fabricated using magnetic self-assembly of 
nanoparticles. The nanoparticles are 100 nm in diameter (Iron(II,III) oxide 98+%, Sigma-Aldrich 
637106). The saturation magnetization, coercivity, remanent magnetization, and hysteresis loop of 
these nanoparticles have been thoroughly investigated by Bajpai et al. (Bajpai, Balani, and Basu 
2013). Under an external magnetic field, the MNPs will magnetize and form flexible linear chains. 
The flexibility of the magnetic chains can be observed under a time-varying magnetic field (Biswal 
and Gast 2004, Cēbers and Javaitis 2004, Vuppu, Garcia, and Hayes 2003). Fine-tuning the 
magnetic field strength, magnetization time, and particle concentration through trial and error allow 
for the fabrication of micro- or nanoscale chains. Fabrication involves three steps: 1) Dilute MNPs 
to 0.1 mg/ml using diH2O; 2) magnetize MNPs using a 5.06 mT magnetic field in the order of 10 
seconds to form single chains with nanoscale widths, creating nanoswimmers; 3) prolong exposure 
to the magnetic field on the order of minutes leads to chain-to-chain aggregations to form chain 
bundles with microscale widths, creating microswimmers. Chain-to-chain aggregation in the 
fabrication process had been previously investigated (Fang et al. 2007, Ytreberg and McKay 2000). 
Figure 5.1(a-c) illustrates the magnetic self-assembly fabrication process. To determine and verify 
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the size of the micro- and nanoswimmer, image process was used, as shown in Figure 5.1(d). 
 
 
 
 
 
 
 Filament Deformation and Swimming Motion 
The achiral microswimmer discussed in Chapter 2 are rigid structures due to avidin-biotin 
linkages. In contrast, the self-assembled micro- and nanoswimmers are created using purely 
 Figure 5.1. Magnetic self-assembly in three stages to create micro- and nanoswimmers: (a) MNPs 
suspended in fluid; (b) MNPs forming nanoswimmers in the form of chains; (c) Chain aggregation 
forming microswimmers. (d) Tracking of a microswimmer using image processing to compute the 
size of the micro and nanoswimmers. (Cheang and Kim 2015) 
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magnetic self-assembly, and thus, do not possess the same rigidity as the achiral microswimmer 
and will flex when first exposed to a magnetic torque. In addition, the self-assembled swimmer 
consists of many magnetic connection, each offering a degree of flexibility; and the have higher 
aspect ratios increases the torque on the end of the microswimmers leading to higher deformation.  
The MNP chains experience stretching and bending due to hydrodynamic and magnetic 
torque. The resulting deformations allow the near-linear MNP chains to be twisted into rigid chiral 
structures. The chirality satisfy the condition for low Reynolds number criteria, which means that 
among actuated under a rotating magnetic field, the MNP chains can produce propulsion when 
rotated. The deformation can be modeled using Hooke’s law. The stretching free energy and 
bending free energy are 
ܪௌ ൌ 12݇෍ ሺ݈௜ െ ݈଴ሻ
ଶே
௜ୀଶ
 (5.1)
and 
ܪௌ ൌ 12ܣ෍ ݀ݏ ቆ
݀̂ݐ
݀ݏቇ
ଶ௅
଴
, (5.2)
respectively, where li – l0 is the difference between the deformed and undeformed states, N is the 
number of beads, k is the spring constant, L is the length of the filament, s is the arc length along 
L, ̂ݐ is the unit tangent at s, and A is the bending stiffness (Gauger and Stark 2006). The dipole 
interaction between the beads contributes to the deformation. The dipole interaction energy 
between i-th and j-th beads is given as 
ܪ஽ ൌ 4ߨܽ
଺
9ߤ଴ ሺ߯ܤሻ
ଶ෍ 1 െ 3ሺ݌̂ ∙ ̂ݎ௜௝ሻݎ௜௝ଷ
ே
௜,௝ୀଵ
, ݅ ് ݆ (5.3)
where µ0 is the permeability of free space, is the magnetic susceptibility, B is the external field, p 
is the magnetic moment of the beads, r is their relative position (Gauger and Stark 2006). 
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Even though the deformations of the MNP chains create the necessary chiral structures for 
low Reynolds number swimming, controlling the rotation axis of the swimmers is the key for 
propulsion (Cheang, Meshkati, et al. 2014). This concept have is similar to the achiral 
microswimmers in Chapter 2. The rotation axis can be changed using the ratio of the field’s 
frequency to the field strength. For the MNP micro- and nanoswimmers, the values for the ratio to 
achieve stable swimming ranges from 6.299 to 7.998 Hz/mT. The ranges of values applies to both 
micro and nanoswimmer due to the fact that the same MNPs were used to fabricate both types of 
swimmers. For values greater than 7.998 Hz/mT, the swimmers experienced unsteady rotation and 
wiggling motion can be observed. This is resulted from the rotation of the swimmer unable follow 
the rotation of the magnetic field (Cheang, Meshkati, et al. 2014, Tabak, Temel, and Yesilyurt 
2011). 
 Diffusivity  
The diffusivity of the swimmers is dependent on their sizes; generally, smaller objects have 
higher diffusion. Therefore, it is expected that the nanoswimmers will have higher diffusion than 
the microswimmers. The theoretical diffusion coefficient can be approximated using the Stokes-
Einstein equation 
ܦ ൌ ݇஻݂ܶ  (5.4)
where kB is the Boltzmann constant, T is the temperature which is set at 297 K (room temperature), 
and f is the friction coefficient . The friction coefficient accounts for the size and shape of the 
microswimmer. The size of the swimmers were approximated using image processing as shown in 
Figure 5.1(d). During image processing, the swimmers are converted to binary (black and white) 
using thresholding. Afterward, their major and minor axis was measured in pixel which was then 
converted to micron using the pixel size (µm/pixel). The nanoswimmers were observed to be 
approximately 2.78 µm in length and 0.90 nm in width, and the microswimmers were observed to 
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be about 9.09 µm in length and 2.50 um in width. To simplify the analytical model, a rod shape 
model was used to approximate the drag on swimmers. The friction coefficient f can be expressed 
as  
݂ ൌ 3ߨߟܮlnሺܮ/݀ሻ ൅ ߛ (5.5)
where L and d are the length and diameter of the rod respectively, η is dynamic viscosity, and ߛ ൌ
0.312 ൅ 0.565݀/ܮ െ 0.1ሺ݀/ܮሻଶ is the end-effect term (Cheong and Grier 2010, Ortega and de la 
Torre 2003).  
The diffusion coefficients D calculated using Equation (5.4) for the microswimmers and the 
nanoswimmers are 0.0944 µm2/s and 0.2841 µm2/s, respectively. The diffusion coefficient for the 
nanoswimmers is roughly 3 times greater than that of the microswimmers which is the expected 
result due to the nanoswimmers’ smaller size. 
 Kinematic Modeling 
The kinematics of the MNP swimmers can be modeled as 
ݔሶ ሺݐሻ ൌ ݒ1൫߱ሺݐሻ൯ ൅ ܾሺݐሻ
ݕሶ ሺݐሻ ൌ ݒ2൫߱ሺݐሻ൯ ൅ ܾሺݐሻ
߶ሶ ሺݐሻ ൌ ߠሶ ሺݐሻ
 (5.6)
where 
ݒ൫߱ሺݐሻ൯ ൌ ൣݒଵ൫߱ሺݐሻ൯ ݒଶ൫߱ሺݐሻ൯൧் ൌ ሾ ොܽ ߱ሺݐሻ cos ߶ሺݐሻ ොܽ ߱ሺݐሻ sin߶ሺݐሻሿ், (5.7)
ොܽ	is approximate as the ratio between the average swimming speed v and rotation frequency ω, b(t) 
represent random disturbances and noise (such as diffusion or unsteady flow), ߠሶ  is the input 
magnetic field’s turning rate, and ߶ሶ  is the rate of change of the heading angle. For this analysis, 
b(t) is taken as the Brownian motion of the swimmer. Brownian motion is very random, therefore, 
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it must be modelled stochastically. The change in orientation of the swimmers by the applied 
magnetic field dominates rotational diffusion, thus, random changes in orientation is ignored. 
Hence 
ܾሺݐሻ ൌ ݎ஽ሺݐሻ ൌ ܲ√2ܦݐ (5.8)
where rD is the displacement due to diffusion and P is a normally distributed pseudorandom 
numbers. A schematic for the kinematic model is shown in Figure 5.2(b). 
 
 
  
 
 
 Manual Control of Micro and Nanoswimmers 
For experiments to demonstrate manual control of the microswimmers’ motion, the micro- 
and nanoswimmers were resuspend in NaCl solution and then transferred to a polydimethylsiloxane 
(PDMS) chamber, which was 3 mm in diameter and 2 mm in height. The NaCl solution helped 
matching the density of the swimmers and the fluid on order to minimize sedimentation. This 
ensured the swimmers swim in bulk fluid away from boundaries. The NaCl solution also increases 
aggregation of the MNPs, thereby, increase the structural integrity of the swimmers (Elimelech et 
al. 1998). The chamber was sealed to prevent evaporation and to minimize flow. The filled chamber 
was then placed inside the electromagnetic coil system for experiments. The strength of magnetic 
 Figure 5.2. Schematic for (a) the magnetic control and (b) the kinematic models. (Cheang and Kim 
2015) 
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fields used in the experiment is in the order of 1 mT.  
There are two ways to verify that a swimmer is far from the boundary.  First, the focal plane 
is kept at least 20 µm from the boundary. This may not be far enough to completely rule out 
hydrodynamic interactions of the 10 µm swimmers with the walls; however, flow field simulation 
have shown that the hydrodynamic effects of a swimmer does not extend pass 2 times its body 
length. Second, the swimmers with rotation motion close to boundary will “roll” along the surface 
and hence moves in a direction perpendicular to its rotation axis; in contrast, a swimmer in bulk 
fluid moves forward in the direction along its rotation axis. 
 
 
  
 
 
Motion control of the nanoswimmers obtained from stage 2 of the fabrication process were 
demonstrated using manual steering. Figure 5.3 shows the trajectory of a representative example 
of a nanoswimmer. The nanoswimmer was traveling at an average speed of 0.4912 µm/s under a 
10 Hz rotation. As expected, the movement the nanoswimmer was strongly influenced by Brownian 
motion, resulting in a jerky trajectory. In contrast, the microswimmers obtained in stage 3 of the 
Figure 5.3. Trajectory of a nanoswimmer. Brownian motion plays an influential role in the nano 
regime resulting in a jerky trajectory. (Cheang and Kim 2015) 
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fabrication process have relatively smooth trajectories. This is due to a much smaller Brownian 
motion. A representative example of the microswimmers is shown in Figure 5.4. The 
microswimmer was steered to travel in a predefined path “DU”. The microswimmer was traveling 
with an average speed of 3.6655 µm/s under a 10 Hz rotation. 
 
 
  
 
 
 Measuring Brownian Motion 
Brownian motion is determined by measuring the diffusion coefficient of the micro- and 
nanoswimmers without applying an external magnetic field. To characterize the diffusion 
coefficient of the swimmers, first the mean squared displacement (MSD) is calculated 
MSD ൌ ۦ൫ܚሺݐሻ െ ܚሺ0ሻ൯ଶۧ (5.9)
where r is the position at time t. Figure 5.5 shows the MSD as a function of ߬ for both micro- and 
nanoswimmers. The two-dimensional diffusion coefficient D is expressed as 
 Figure 5.4. Trajectory of a microswimmer. Using manual control, the microswimmer was 
manipulated to swim in a pattern that spells out DU. (Cheang and Kim 2015) 
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ܦ ൌ 14 lim௧→ஶ
݀
݀ݐ MSD. (5.10)
The diffusion coefficient for micro- and nanoswimmers are 0.1178 µm2/s and 0.3670 µm2/s 
respectively, which matched favorable with the theoretical values computed from Equation (5.4). 
 
 
  
 
 
 Simulation under Brownian Disturbances 
A simulation was performed using the kinematic model in Equation (5.6) to map trajectories 
of the micro- and nanoswimmers (Figure 5.6). The simulation demonstrate the feasibility to control 
micro- and nanoswimmers in the presence of Brownian motion as random disturbance, as shown 
in Equations (5.7) and (5.8). The magnetic swimmers are omnidirectional; but for the purpose of 
showing a turning motion for thoroughness, the maximum turning rate ߶ሶ  was set as 0.2618 rad/s; 
as a result, the trajectories were with curvatures. The initial heading angle was set as 225º, the initial 
position was set at (0, 0), and the desired position was set at (50, 15). The average velocities for 
 Figure 5.5. Mean squared displacement (MSD) plotted against for both microswimmers (squares) 
and nanoswimmers (circles) while the magnetic field is turned off. (Cheang and Kim 2015) 
78 
both of the micro and nanoswimmer was based on data fitting of velocities against frequency. The 
upper plot in Figure 5.6 shows three simulated trajectories for a nanoswimmer under three different 
conditions; the first case is ideal swimming with no Brownian motion, second is swimming at 0.49 
um/s under 10 Hz rotation with Brownian motion at D = 0.2841 µm2/s, and third is swimming at 
9.8 µm/s under 200 Hz rotation with the same strength of Brownian motion. The bottom plot in 
Figure 5.6 shows two simulations for microswimmers; the first case is ideal with no Brownian 
motion and second case is swimming at 0.49 µm/s under 10 Hz rotation with Brownian motion at 
D = 0.0944 µm2/s. The diffusion coefficients D were taken from the theoretical values calculated 
in Section 5.4. The influence of Brownian motion was evidenced with the smooth trajectory of the 
bigger and faster microswimmer relative to the jerky trajectory of the nanoswimmer. This is 
evidence that as the scale of the swimmer decreases, the effects of Brownian motion will greatly 
influence the ballistic velocity of the nanoswimmers. The increased velocity of the nanoswimmer 
at 200 Hz yields a much smoother trajectory. This is an important observation because this indicates 
that the potential to overcome Brownian disturbance at nanoscale by increasing the velocity of the 
nanoswimmer. A similar study on helical swimmers on micro versus nanoswimmers (Ghosh et al. 
2013) also suggest that the limitation in the smallest size for nanoswimmers is limited by thermal 
fluctuation, which further validate the existence of a limitation on the same of nanoswimmers. 
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 Summary 
 Figure 5.6. Simulation of trajectories of micro and nanoswimmer. (a) Simulation of a nanoswimmer 
rotating at 10 Hz with no Brownian motion (blue squares), rotating at 10 Hz with Brownian motion 
(red circles), and rotating at 200 Hz with Brownian motion (green diamonds). (b) Simulation of a 
microswimmer rotating at 10 Hz with no Brownian motion (blue squares), rotating at 10 Hz with 
Brownian motion (red circles). (Cheang and Kim 2015) 
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In summary, the fabrication and control of micro- and nanoswimmers using magnetic self-
assembly of MNPs have been demonstrated. Using magnetic self-assembly of MNPs, 
nanoswimmers were created via dipole to dipole linear attachments. After long magnetic field 
exposure, nanochains bundles into microswimmers. In short, the scalability of swimmers’ sizes can 
be modulated by controlling magnetic aggregation. The steering of nanoswimmers and 
microswimmers in bulk fluid was shown and compared; where the trajectories of the 
nanoswimmers were strongly influenced by Brownian motion, resulting in jerky trajectories, 
whereas the trajectories of the microswimmers were not significantly influenced by Brownian 
motion, producing relatively smooth trajectories. The diffusivity for both swimmers were 
compared analytically and experimentally. Simulation of a nanoswimmers at 10 Hz rotation yields 
a small ballistic velocity where the Brownian noise was very disruptive but did not overwhelm 
active propulsion. The simulated trajectory for nanoswimmer at a 200 Hz rotation has shown that 
Brownian noise at nanoscale can be tolerated because the ballistic velocity is large enough to 
overcome the influence of Brownian motion. This signifies that high diffusivity for nanoparticles 
does not break the paradigm of using nanorobotics for drug delivery. 
The use of nanoparticles to assemble into controllable swimmers can enhance the ability for 
active manipulation of drug carrying nanoparticles; hence, increases the targeting capability of 
nanoparticulate drug delivery systems. The experiments and simulations served as a proof of 
concept investigation that may address some of the issue for the drug delivery paradigm. 
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Chapter 6 : Feedback Control of Magnetic Robotic Microswimmers 
 Introduction 
This Chapter explores feedback control of the three-bead achiral microswimmers in both 
simulation and experiment. The achiral microswimmers were controlled wirelessly using magnetic 
fields with the ability to swim in bulk fluid. The achirality of the microswimmers inherently 
introduces motion uncertainties as a result of unknown handedness (Cheang, Milutinović, et al. 
2014). As a countermeasure, a combination of a rotating magnetic field, which serves to actuate 
the microswimmers to swim, and a static magnetic field, which serves to maintain the orientation 
of the microswimmers, can be used to eliminate the uncertainty (Cheang, Milutinović, et al. 2014). 
Their hydrodynamic properties previously investigated in (Cheang, Meshkati, et al. 2014) are used 
to create a qualitative kinematic model, which in turn is used to design a feedback control law 
(Cheang, Milutinović, et al. 2014). An Integral feedback controller with a real-time tracking system 
was used to demonstrate the effectiveness of the feedback control of the achiral microswimmers at 
low Reynolds number. Furthermore, interaction of the microswimmers with the environmental 
factors were examined, including Brownian motion and adverse flow, and their implication to 
control. 
 Handedness and Motion Uncertainty 
The symmetry of the achirality of the microswimmers implies that there is no geometric 
handedness; this creates an uncertainty in the swimming direction. Consider a helix whose 
geometrical handedness can be visual distinguished. When rotated in a viscous environment, a left 
handed helix will move forward in the direction of the rotation (think right hand rule), whereas a 
right handed helix will move in the opposite direction of the rotation. Such an unambiguous 
determination of swimming direction is not possible for achiral objects, specifically objects with 
two perpendicular mirroring planes like the achiral microswimmers. Nonetheless, a handedness, 
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though not visible, does exist in the context of magnetism. In this context, their dipole direction 
relative to their orientation have to be considered. This can be seen in the illustration of Figure 
6.1(a) which shows two achiral microswimmers with the same exact geometries having different 
orientations while their respective dipoles point to the same direction as they align with a magnetic 
field. This is a handedness defined not by a visual of the geometry, but by the direction of their 
dipoles. 
 
 
  
 
 
This interpretation of handedness has important physical implication to motion control. The 
conventional logic is that a reversal of the rotation direction will reverse the swimming direction, 
like the helices used in the example in the preceding paragraph. This is not the case with the type 
of handedness of the achiral microswimmers. It is speculated that the randomness from the mixing 
method during fabrication leads to variations among swimmers. This means one achiral swimmer 
 Figure 6.1. (a) The handedness of a microswimmer is not defined by its structure, but rather by the 
direction of its dipole relative to its orientation. The red arrow represents the dipole of two arbitrary 
microswimmers; both of their dipoles point in the same direction (up) while their orientation differs. 
(b) The primary and secondary motions under clockwise (cw) and counter clockwise (ccw) 
rotations. (c) Experiments showing primary motion and secondary motion both yield the same 
swimming direction, despite the change in rotation direction from ccw to cw. (Cheang, Milutinović, 
et al. 2014)  
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may have a reversal in swimming direction when the rotation is reversed and another achiral 
swimmer may not. The manufacturing variations, thus, led to unaccountable factors resulting in 
two modes of swimming motion: the primary motion results in steady forward swimming whose 
direction depends on the handedness, and the secondary motion results in either forward or 
backward swimming. To elaborate, there are two possible matched sets between the rotation 
direction and the swimmer’s dipole: (1) pointing to the same direction and (2) pointing to opposing 
directions. Either matched set can be chosen as the primary motion, then the other one is the 
secondary motion, and vice versa. A schematic of an example of the matched sets in relations to 
the primary and secondary motions is shown in Figure 6.1(c), where the red arrow is the magnetic 
dipole, the blue arrow is the swimming direction, and the purple circular arrow is the rotation (cw 
or ccw) (Cheang, Milutinović, et al. 2014). 
To effectively control the swimming direction, it is preferable to focus only on the primary 
motion of the microswimmers; in other word, eliminate the secondary motion. When achieved, 
there will be no uncertainty in the swimming direction, and that a desired swimming direction can 
be corresponded to a control input. An achiral microswimmer with a specific dipole handedness 
(left or right) orientated in a specific direction will exhibit the primary motion under a specific 
direction of the rotation. For example, if the microswimmer is to change swimming direction while 
keeping the primary motion, both the orientation of the microswimmer (or in other word, the dipole) 
and the rotation direction should change, as shown in Figure 6.1(b) under primary motion (first 
column) where the dipole (red arrow) changed with rotation direction (the purple circular arrow). 
Under this hypothesis, the secondary motion can be eliminated and hence removing the uncertainty 
in direction control. Figure 6.1(c) illustrates the primary and secondary motion in an experiment 
where a reversal of rotation yielded the same swimming direction. 
To make sure the direction of the dipole changes with the rotation direction for swimming, a 
static magnetic field can be used to superimpose on the rotating magnetic field, where the rotating 
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field is the driving source to create propulsion and the static field controls the orientation (direction 
of dipole) of the microswimmers. The combined magnetic field is 
۰ ൌ ቎
െܤ௦ cosሺߠሻ ൅ ܤ௥ sinሺߠሻ cosሺ߱ݐሻ ଍̂
ܤ௦ sinሺߠሻ ൅ ܤ௥ cosሺߠሻ cosሺ߱ݐሻ ଎̂
ܤ௥ sinሺ߱ݐሻ ܓመ
቏ (6.1)
where Br is the maximum amplitudes of the rotating magnetic field, Bs is the magnitude of the static 
magnetic field, ω is the rotational frequency of the field, θ is the direction of rotation, and t is time. 
Note that Equation (6.1) is a modified version of equation (7.1) in Appendix A. The parameters for 
Equation (6.1) is shown in Figure 6.1. Equation (6.1) rotates the plane of the rotating field and the 
perpendicular static field synchronously with the angle θ. This synchronization is essential because 
as long as the plane of the rotating field and the direction of the static field maintain a constant 
relationship, then the primary motion of the microswimmers will be maintained. 
Two experiments demonstrated the use of Equation (6.1) for effective direction control with 
no uncertainties by maintaining the primary motion of the microswimmers. The first experiment 
demonstrates back and forth motion by alternating θ in Equation (6.1) between 0º to 180º. To 
clarify, the direction of rotation along the x-axis switching between CW and CCW is equivalent to 
θ switching from 0º to 180º, whereas CW and CCW is a one-dimensional description and changing 
θ from 0º to 180º is a two-dimensional description on the xy-plane. This can be compared with 
Figure 6.1(c) where a static field was not applied. The second experiment is to demonstrate a 
consistency in maintaining the same swimming direction using the same control inputs regardless 
of the initial orientation, this is done so using a rotation on the xy-plane to randomize the 
microswimmer’s orientation. For both experiments, the rotation frequency of the magnetic field, ω 
from Equation (6.1), was kept constant at 6 Hz. 
In the first experiment (Figure 6.2(a)), from 0 to 6 seconds, the microswimmer swam to the 
right at an average velocity of 3.01 ± 0.15 µm/s while under the control input θ = 0º. From 6 to 12 
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seconds, the microswimmer swam to the left at an average velocity of 2.93 ± 0.15 µm/s under θ = 
180º. Finally, from 12 to 20 seconds, the microswimmer swam to the right again at an average 
velocity of 3.39 ± 0.15 µm/s when θ was changed back to 0º. Compared with the case in Figure 
6.1(c) where no static field was applied, it can be observed that only primary motion was presented 
in this experiment where a static field was applied. 
In the second experiment (Figure 6.2(b)), a rotation in the xy-plane was used to randomize 
the orientation for the microswimmer. From 0 to 5 seconds, the microswimmer swam to the right 
at an average velocity of 2.66 ± 0.15 µm/s under θ = 180º.  From 5 to 10 seconds, the microswimmer 
rotate in the xy plane resulting in no forward velocity and a randomized orientation. From 10 to 15 
seconds, the control input was identical to that from 0 to 5 seconds, and the microswimmer swam 
to the right at an average velocity of 2.85 ± 0.15 µm/s under θ = 180º, which is the same direction 
as 0 to 5 seconds showing a consistency between swimming direction and control input.  
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 Correction Factor 
In Chapter 2, it was established that the ratio control inputs of rotation frequency and strength 
of the rotating magnetic field determines the swimming motion of the achiral microswimmers. 
Then in Chapter 3, it was established that the swimming motion can be classified into modes of 
motion which determines the velocity and on/off control of the microswimmers. However, the 
simplification of using a ratio of the control inputs is acceptable for a short range of frequencies, 
for instance, the velocity characterization for the linear plot in Figure 2.3(a) was performed from 1 
to 8 Hz. In experiment using closed looped automatous control, the microswimmers may reach 
much higher frequencies depending on the control parameters. In such cases, a constant ratio of the 
frequency and strength cannot maintain the same rotation axis (or mode of motion); in other word, 
 Figure 6.2. (a) In the first experiment, the microswimmer changes its orientation with the rotation 
direction, enabling it to maintain the primary motion while demonstrating back and forth motion. 
(b) In the second experiment, the microswimmer swam to the left, then having its orientation 
randomized by a xy-plane rotation, and finally recovers its orientation and continue to swim to the 
left. (Cheang, Milutinović, et al. 2014) 
87 
over a wide range of frequency, for example 1 to 20 Hz, the velocity under a constant ratio cannot 
maintain a linear velocity profile, as seen in Figure 2.3(a). 
Rectifying this problem is essence to feedback closed loop control of the microswimmer’s 
velocity. To do so, a corrective gain can be used to adjust the ratio as a function of frequency. The 
correction can be expressed as 
ܴ ൌ ߱ܤ௢ ൅ ݇ሺ߱ሻ (6.2)
where ω is the rotation frequency of the field, Bo is the field strength, R is the ratio of ω to Bo, and 
k(ω) is the corrective gain. To illustrate the effects of the corrective gain k, experiments were done 
on three bead achiral microswimmers with different corrective gains. Figure 6.3 shows a 
representative example where one microswimmer where tested with k = -0.5, 0, 0.5, and 1. It can 
be observed that without a corrective gain (k = 0), the microswimmer had a nonlinear velocity 
profile over 1 to 30 Hz. At k = 0.5 and 1, the corrective gain changed the velocity profile, but failed 
to “straighten” the velocity profile into a near-linear curve. At k = -0.5, the velocity profile is much 
more linear than the other cases, which is an indication that an appropriate corrective gain can be 
used to correct the swimming motion of the microswimmer over a wide range of operational 
frequencies. For the three bead achiral microswimmers, k = -0.5 is typically the appropriate 
corrective gain. 
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 Kinematic Model 
The quantitative kinematic model was obtained by statistical data fitting on the relationship 
between swimming speed and rotation frequency. Given that the kinematics of the achiral 
microswimmers is similar to that of the two-wheeled vehicle, the following two-wheeled vehicle 
model was use2 
                                                 
2 The kinematic model was developed by Prof. Jongeun Choi based on experimental data collected by U Kei Cheang. 
Figure 6.3. Velocity profile with various corrective gains. 
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ݔሶሺݐሻ ൌ ݒሺݑଵሺݐሻሻ cosሺߠሺݐሻሻ
ݕሶ ሺݐሻ ൌ ݒሺݑଵሺݐሻሻ sinሺߠሺݐሻሻ
ߠሶሺݐሻ ൌ ݑଶሺݐሻ
 (6.3)
where u1(t) and u2(t) are the frequency and the turning rate of the rotational magnetic field.  
 
 
  
 
 
The data comprise of velocities of 7 different microswimmers measured at 8 frequency grid 
points (1 Hz, 2 Hz… and 8 Hz) as shown in Figure 6.4. Thirty random samples for each 
microswimmer were generated by accounting for measurement errors due to reasons such as 
resolution. A linear fit was used as represented by the red line in Figure 6.4. With a total of 1440 = 
30 × 6 × 8 points, a linear velocity v was estimated by fitting a line to the data, see Figure 6.4, 
 Figure 6.4. Fitting of the velocity in terms of the frequency of the rotating magnetic field from the 
experimental data from 1 Hz to 8 Hz. (Cheang, Milutinović, et al. 2014) 
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ݒሺݑଵሻ ൌ ݌̂ଵݑଵ ൅ ݌̂ଶ ൌ 0.428ݑଵ െ 0.100. (6.4)
where p = Ep = [ 1p  2p ]T and the estimated covariance matrix is 
∑ ൌ Eሾሺ݌ െ ݌̂ሻሺ݌ െ ݌̂ሻ்ሿ ൌ ቂ 0.0338 െ0.1523െ0.1523 0.8629 ቃ. (6.5)
Using the estimated coefficients, the following estimated deterministic model was obtained 
ݔሶሺݐሻ ൌ ݌̂ଵݑଵሺݐሻ cosሺߠሺݐሻሻ
ݕሶ ሺݐሻ ൌ ݌̂ଵݑଵሺݐሻ sinሺߠሺݐሻሻ
ߠሶሺݐሻ ൌ ݑଶሺݐሻ
 (6.6)
where ݌̂ଵ = 0.428. 
Adding the estimated offset ݌̂ଶ, which represents the environmental factors and other 
uncertainties, the following stochastic model can be written for the achiral microswimmer 
ݔሶሺݐሻ ൌ ݌̂ଵݑଵሺݐሻ cos൫ߠሺݐሻ൯ ൅ ܽଵሺݐሻ ൅ ݒଵሺݐሻ
ݕሶ ሺݐሻ ൌ ݌̂ଵݑଵሺݐሻ sinሺߠሺݐሻሻ ൅ ܽଶሺݐሻ ൅ ݒଶሺݐሻ
ߠሶሺݐሻ ൌ ݑଶሺݐሻ
 (6.7)
where 
ܽሺݐሻ ൌ ሾܽଵሺݐሻ ܽଶሺݐሻሿ்
ൌ ൣ݌̂ଶ cos൫ߠሺݐሻ൯ ݌̂ଶ sin൫ߠሺݐሻ൯൧் (6.8)
is used to model the uncontrolled flow and v = [v1 v2]T is used as random disturbances given at time 
t 
ݒሺݐሻ ൌ Mሺݐሻሺ݌ െ ݌̂ሻ, (6.9)
Where 
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Mሺݐሻ ൌ ቈݑଵሺݐሻ cos൫ߠሺݐሻ൯ cos൫ߠሺݐሻ൯ݑଵሺݐሻ sin൫ߠሺݐሻ൯ sin൫ߠሺݐሻ൯቉ (6.10)
The statistical model for the disturbance v(t) is 
ݒሺݐሻ~ࣨሺ0,Mሺݐሻ∑Mሺݐሻ்ሻ. (6.11)
 Feedback Control Law 
The feedback control aims to navigate an achiral microswimmer using the quantitative 
kinematic model (6.3) from any initial condition towards a target set of the microswimmer’s 
position and angle. When the achiral microswimmer is moving, its center of mass moves similarly 
to that of a unicycle robot. Therefore, to test the compatibility between the control variables and 
control goal, a control approach for the navigation of unicycle robots was used (Aicardi et al. 1995). 
Based on this, the kinematic model (6.3) can be modified to be. 
ሶ݁ ሺݐሻ ൌ െ݌ଵݑଵሺݐሻcosሺߙሺݐሻሻ
ߙሶ ሺݐሻ ൌ െݑଶሺݐሻ ൅ ݌ଵݑଵሺݐሻ sinሺߙ
ሺݐሻሻ
݁ሺݐሻ
߶ሶ ሺݐሻ ൌ ݑଵሺݐሻ sinሺߙ
ሺݐሻሻ
݁ሺݐሻ
 (6.12)
where e is the position error between the centroid of the microswimmer and target position, α is the 
angle between the microswimmer’s heading angle and direction to the target position (Figure 6.5). 
The angle to the target position is  = α + θ, where θ is the microswimmer’s heading angle. By 
introducing the Lyapunov function 
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ܸሺݐሻ ൌ ଵܸሺݐሻ ൅ ଶܸሺݐሻ
ൌ ߣ2 ݁
ଶሺݐሻ ൅ 12ߙ
ଶሺ௧ሻ ൅ ݄2 ߠ
ଶሺݐሻ (6.13)
λ > 0, k > 0 , h > 0, and from the condition V< 0, the following control law was obtained 3 
ݑଵሺݐሻ ൌ ߛ݁ሺݐሻ cosሺߙሺݐሻሻ
ݑଶሺݐሻ ൌ ݇ߙሺݐሻ ൅ ݌ଵߛ cos൫ߙ
ሺݐሻ൯ sin൫ߙሺݐሻ൯
ߙሺݐሻ ሺߙ ൅ ݄߶ሺݐሻሻ
 (6.14)
The control law (6.14) has three tunable parameters, γ, k and h, at the spatiotemporal scale of µm/s. 
 
 
  
 
 
The controller (6.14) was implemented in a simulation with p1 = 0.4825 and sample time ts 
= 1s. The values of the parameters γ = 0.1, k = 0.2 and h = 2 are selected based on a starting position 
that is more than 100 µm from the target position. A representative simulation result is depicted in 
Figure 6.6 with a u1 peak value of about 14 Hz. The time to reach the target is 301 seconds. The 
long time to reach the target may be attributed to the dependency of the swimmer’s swimming 
                                                 
3 This control law was developed by Prof. Dejan Milutinović. 
 Figure 6.5. The relative position between the microswimmer and the desired position: e is the 
distance, α is the bearing angle, θ is the heading angle, φ is the angle to the desired position.(Cheang, 
Milutinović, et al. 2014) 
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speed on the parameter p1, which is uncertain and difficult to estimate since it may vary among 
individual microswimmers.  
 
 
  
 
 
To deal with the p1, i.e., uncertainty of the relation between the frequency and the swimmer’s 
speed, a nested control loop was used to control the swimmer’s velocity. The inner loop controls 
 Figure 6.6. Results from the numerical simulation using Eq. (13). Trajectory of the microswimmer 
model from the initial pose (x = 50 μm, y = 25 μm, θ = 0 rad, green triangle) to the target pose (xT = 
150 μm, yT = 125 μm, θT = π/2 rad, red triangle) and corresponding control variables (u1 and u2). 
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the swimmer’s velocity while the outer loop implements the nonlinear controller (6.14) to compute 
the reference velocity vref. Furthermore, the outer loop for the turning rate is modify to rid the 
dependency on p1. 
The inner velocity feedback control is implemented as an integral (I) controller. The 
dynamics of I control loop is fast in comparison to the dynamics of the outer nonlinear feedback 
loop; this in turn compensates for the time to reach the final target.  
Based on the control law (13), the nested loop controller is implemented as4 
ݑଵሺݐሻ ൌ ܭூ න ቀݒ௥௘௙ െ ݒ௠ሺݐሻቁ ݀ݐ
ݒ௥௘௙ ൌ ߛ݁ሺݐሻcosሺߙሺݐሻሻ
ݑଶሺݐሻ ൌ ݇ߙሺݐሻ ൅ ݒ௥௘௙ݑଵሺݐሻ ߛ
cos൫ߙሺݐሻ൯ sin൫ߙሺݐሻ൯
ߙሺݐሻ ሺߙሺݐሻ ൅ ݄߶ሺݐሻሻ
 (6.15)
where vref is the reference velocity and vm is the measured velocity. With KI close to 0, the frequency 
1u  will slowly increase until the desired reference velocity is reached. The implication of the value 
of KI is a tradeoff between robust stability of the velocity feedback loop when KI is close to zero 
and performance in reaching/keeping the reference velocity when KI is increases. The 
corresponding block diagram for the controller (6.15) is shown in Figure 6.7. 
 
 
                                                 
4 This control law was developed with the help and guidance of Prof. Dejan Milutinović. 
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For the simulation using the I controller (6.15), the gain KI is set as 1. The parameters γ, k, 
and h are set to 0.1, 0.2, and 1, respectively. The results of the simulation with the control law 
(6.15) are shown in Figure 6.8. The time to reach the target is 44 seconds, which is approximately 
7 times shorter than the nonlinear controller (6.14). 
 
 
Figure 6.7. Block diagram for the feedback control in (14) which includes the integral controller for 
swimming velocity, where xT, yT and θT are the target x, y position coordinates and the angle at 
which the target point is reached. 
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 Environmental Disturbances 
Experiments serve to explore the realistic conditions to control microswimmers for 
application purposes. In real experiments, the microswimmers are subjected to environmental 
disturbances such as Brownian motion and adverse flow. As a result, there exists a threshold for 
the swimming velocity where a slow swimming velocity cannot overcome environmental flows 
 Figure 6.8. Results from the numerical simulation using Eq. (14) with integral control. Trajectory 
of the microswimmer model from the initial pose (x = 50 μm, y = 25 μm, θ = 0 rad, green triangle) 
to the target pose (xT = 150 μm, yT = 125 μm, θT = π/2 rad, red triangle) and corresponding control 
variables (u1 and u2). 
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resulting in failure to reach a destination; thus, the traditional notion of “slow down, then stop” is 
impractical in experiments. However, this constraint is acceptable due to the Reynolds number 
condition which allows the swimmer to stop instantaneously when the magnetic field is turned off.  
 
 
  
 
 
The experimental results are represented by the example in Figure 6.9 and Figure 6.10 which 
illustrate an achiral microswimmer reaching a target pose. The values of the parameters k, h, γ, and 
KI were 0.5, 0.65, 0.2, and 0.9, respectively. The parameters k and h acted to give a curved trajectory 
while γ mainly influenced the profile of the velocity with respect to the distance from the target. 
From a practical stand point, the high value of γ was chosen on the basis that the achiral 
microswimmer is very slow at low frequencies; therefore, a high value of γ can prevent the 
microswimmer from reaching a critically low velocity where the microswimmer’s movement can 
be dominated by environmental flows.  
 
 
 Figure 6.9. Results from a representative experiment using the control law (14). Trajectory of the 
microswimmer from the initial pose (x = 111 μm, y = 45 μm, and θ = 1.04π rad) to the final pose (xT 
= 138 μm, yT = 127 μm, and θT = 0.18π rad). The green and red triangles shows the initial and final 
poses respectively. 
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From this representative experiment, the closed loop control was able to guide an achiral 
microswimmer from the initial pose of x = 111 μm, y = 45 μm, and θ = 1.04π rad to the target pose 
of xT = 138 μm, yT = 127 μm, and θT = 0.18π rad in 24.23 s. 
 Swimming in Patterns 
To demonstrate the swimming capability and controllability of the microswimmers, the 
closed loop controller was used to guide the microswimmers to swim from waypoint to waypoint 
to create patterns. Here, the controller for the turning angle will be changed to pure pursuit where 
the turning angle will set to be equal to the angle α (u2 = α); hence, the microswimmer will change 
its heading angle towards the target during every sampling time interval. The velocity of the 
microswimmer is set to constant. 
 Figure 6.10. Control variables (u1 and u2) and measured velocity (vm) corresponding to Figure 6.9. 
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 Figure 6.11 demonstrate achiral microswimmers swimming in three different patterns. As 
shown, the microswimmer were able to swim from waypoint to waypoint to create complex patterns 
with their trajectories. The results here will be further developed into for path-planning.  
 Summary 
The experiments using closed loop control successfully demonstrated feedback control of the 
achiral microswimmers. Qualitative data from repeated experiments was used to establish a 
relationship between the swimming velocity and rotation frequency. This relationship was then 
used to estimate the quantitative kinematic model. Sequentially, a feedback controller was designed 
Figure 6.11. Achiral microswimmer swimming in three different patterns (DU, MSU, and UCSC). 
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which was effective in controlling the rotation frequency and turning rate of the microswimmers. 
The feedback control law was shown to be effective in controlling the microswimmer to a target 
set of its position and angle. However, the performance of the rotation frequency was hampered 
due to uncertainties; thus, a nest loop was added in the form of an I controller to control the 
swimming velocity. As a result, the nested loop greatly increased the performance significantly, 
namely the time to reach the target pose. The simulation and experimental results illustrated the 
effects of the control parameters on the trajectory of the microswimmers and the time to reach a 
target pose from any initial conditions. Furthermore, the control of the microswimmers were 
demonstrated by using the controller to guide the microswimmers to swim in complex patterns. 
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Chapter 7 : Conclusion 
In this work, various examples of fabricating and controlling magnetic microswimmers were 
demonstrated. Preliminary work with the flagellar microswimmers established various tools and 
methods, including avidin-biotin conjugation, magnetic control system, and tracking algorithm, 
which lay the ground work for developing the achiral rigid microswimmers, the multi-bead 
microswimmers, and the self-assembled flexible microswimmers. Furthermore, demonstration of 
multiple robot control, modular microrobotics, and feedback control had shown great potential for 
using magnetic microswimmers to overcome various challenges in realistic in vivo drug delivery. 
In a human body, there are many potential pathways to delivery drugs. Currently, the most 
common method to delivery drug is a systemic administration via injection into the circulatory 
system which is problematic because of the indiscriminatory manner in which the drug is exposed 
to the entire body causing damages to health cells. As technologies in the nanoscale progresses, the 
use of nanoparticles as drug carriers becomes a viable option. However, because various problems 
hinders the development of particulate drug delivery systems, a systemic administration is still the 
most wide used method. In particular interest to this work is to address one of the major problems 
with the particulate drug delivery systems, which is the ability to increase drug accumulate at the 
diseased site and to allow for mechanical penetration of drug carriers into hard to reach areas. To 
achieve the eventual goal to use micro and nanoswimmers for in vivo applications, the swimmers 
should demonstrate the ability to navigate in environments inside the host’s body. 
To address the drug delivery problem realistically and practically, microswimmer should be 
designed to synergize well with the existing drug delivery paradigm. More specifically to learn 
from the shortcomings and to address the challenges, and to inherit the benefits and to improve the 
effectiveness of existing techniques. Microrobotics in itself can seem unrealistic and farfetched, 
and indeed faces many viable problems that the researchers of this field had not even begun to 
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explore. With this mindset, the idea of using microrobotic principles to build upon existing drug 
delivery systems lead to the development of the bead-based microswimmers. 
The Achiral microswimmer is a bead-based microswimmer consisting of three beads. The 
chapter exploring the achiral microswimmer focuses on the understanding of how extremely simple 
geometries can be effective for microrobotic control. While the chapter explored the achiral 
microswimmers mainly from a fluid dynamics point of view, the analysis provided a fundamental 
knowledge of fluid dynamics to drive the development of bead-based microswimmer kinematics 
and robotics. The achiral microswimmer is achiral, as the name suggested, and rigid; this is one of 
the simplest imaginable geometries. The significance is that this work challenges the tradition 
notion of using chirality or flexibility to swim without contradicting the laws of physics for low 
Reynolds number hydrodynamics. As a consequence, this can potentially widen the range of 
acceptable geometries for microrobot designs. By testing the structural rigidity, characterizing the 
velocity profile against rotation frequency, analytically validating the geometrical requirement, and 
measuring velocity flow field using µPIV and FEA, the achiral microswimmer’s hydrodynamics 
and kinematics have been thoroughly investigated. This strengthen the case to use bead-based 
microswimmers as a simple and effective means to apply microrobotics to improve particulate drug 
delivery systems. The works following explore the versatility in control made possible due to the 
simplicity, yet effective, design of the bead-based microswimmer. 
The use of microswimmers for drug delivery must account for the ability to control multiple 
microswimmers. One microswimmer have limited drug carrying capacity, whereas a team of 
coordinated microswimmer can deliver the necessary dosage to the target site. However, the 
challenge here is that the microswimmer will controlled collectively under a global magnetic field. 
To overcome this problem, multiple robot control was employed by triggering heterogeneous 
responses from different microswimmers. This can be achieved if the two microswimmers are 
magnetically heterogeneous. Magnetic heterogeneity between two populations of microswimmers 
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can be artificially created by fabricating two batches of microswimmers using two types of 
magnetic beads. If microswimmers respond to the external rotational magnetic field in the same 
way and their relative positions cannot be controlled, as pointed by the work on a similar robotic 
system (Bretl 2007, 2012, DeVon 2009). To invoke heterogeneous responses to the field, the only 
option is to rely on the parameter diversity of microswimmers, i.e., that individual microswimmers 
will respond with a different motion speed when excited with a global rotational magnetic field of 
a given frequency. This sort of heterogeneity has been exploited on magnetic microrobots by Diller 
et al. (Diller 2012), which are an order of magnitude larger that the microswimmers in this work (< 
10 µm). The use of such heterogeneity for multiple robot control can improve the manipulation of 
team formations to perform tasks efficiently.  
For modular microrobotics, the idea is to increase the adaptability of the microswimmers in 
unpredictable environments; as is the purpose of macroscale modular robots to overcome changes 
in terrains. Consider drug delivery, there are vast number of different environments en route to the 
target including circulation in blood vessels, extravasation, and the tumor microenvironment; 
modular microrobotics aims to address this. To achieve modular microrobotics, the key is to 
understand the docking and undocking mechanisms that make the transformations of 
microswimmers possible. The docking and undocking mechanisms are due to through magnetic 
assembly and hydrodynamic disassembly. The docking mechanism is a result of the magnetic 
attraction and hydrodynamic repulsion. Through experiment, it was understood that docking is 
possible if the magnetic attraction between the magnetic swimmer and particles is stronger than the 
hydrodynamic forces that keeps them apart. For the undocking process, a microswimmer breaks 
into two or more smaller microswimmers as a resulting viscous drag breaking the magnetic bonding 
force between beads. Understanding the relationship between the docking and undocking 
mechanisms enable a high level of control over the geometrical form and swimming capability in 
changeable environments. 
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Much of the work is done in microscale and for good reason. In the nanoscale, there are 
limitations and challenges for analysis due to visualization difficulties and strong diffusivity. 
Because the microrobotics field is in its early stages, much of the research serve to be proof of 
concept or proof of capability rather than a development towards application in the near future. 
With this mindset, it is within our interest to perform analysis with clearly resolved images where 
much of the details can be captured; this can be done in microscale using conventional lab 
instruments, but not so in the nanoscale considering that a 100× objective cannot clearly resolve a 
nano-object. If the three-bead achiral microswimmers to be used as a platform to explore the 
simplest geometry for low Reynolds number propulsion, then the structure of the swimmer must 
be visible and that the ballistic motion must be absolutely distinguishable with diffusive motion. 
For example, regarding the issue of diffusivity, consider a nanoswimmer with a diffusive in the 
order of 1 µm2/s and a ballistic swimming velocity at roughly 1 µm/s, it can be easily seen that the 
nanoswimmer’s ballistic motion can only be distinguish if one were to observed the trajectory of 
the nanoswimmer for a duration in the order of 10 seconds. This is because the trajectory can be 
viewed as the accumulation of the displacement by the nanoswimmer’s ballistic forward velocity, 
whereas the diffusive motion is random and theoretically contributes little to the net displacement 
over a long duration. 
To demonstrate low Reynolds number swimming and the effects on experimentation in 
nanoscale, both micro- and nanoswimmers were fabricated using nanoparticles. By observing their 
difference with regards to their effectiveness at generating forward velocity and the degree of 
diffusivity, one can investigate the scalability of between micro- and nanoscale and gauge the 
feasibility to experiment in the microscale versus the nanoscale. Indeed, both micro- and 
nanoswimmers were able to swim in low Reynolds number which is a validation that bead-based 
swimmer can be effective in the nanoscale as well. Furthermore, the phenomena with the change 
in rotation axis due to the field’s frequency to strength ratio was also observed in the nanoswimmers 
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where certain rotation axis can produce propulsion. However, the effects of diffusion on the 
nanoswimmer was very pronounce and apparent in the nanoswimmer’s fluctuating trajectory. This 
investigation was a proof of concept for the scalability and served to identity the effects on the 
kinematics of the swimmers for future experiments with nanoparticles/swimmers. 
To demonstrate the controllability of the achiral microswimmers, autonomous feedback 
control was employed. Microswimmers must be controlled autonomously in order to be free from 
the dexterity of a human operator. Using experimental data, a quantitative kinematic model was 
developed. Based on this model, a control law was designed to control the rotation frequency and 
the turning rate of the microswimmer, which correspond to the speed and heading direction 
respectively. The microswimmer was able to autonomously reach the target pose from any initial 
conditions. To increase the performance, an I controller was implemented as a nest loop to control 
the swimming speed. This is important to compensate for the uncertainties from variations among 
microswimmers; in order word, the I controller controls the velocity directly through the nested 
loop, therefore, the uncertainty of the frequency-to-speed relationship among swimmers can be 
overcome. Simulation and experiments have shown the increase of performance using the nested I 
controller. Eventually, more complex control strategies, including multiple robot control and 
modular robotics, will be implemented using autonomous control. 
While this report covers a few aspect of challenges in microrobotics and shows proof of 
concept experiments, there are vast among of works remain to be done. The next immediate goals 
for microrobotics is to address two essential aspects which are the non-vision based localization 
and swimming dynamics in non-Newtonian media. 
 Future Work: Localization of Microswimmers 
While vision-based feedback control using microscopes and cameras have been the standard 
practice for microswimmers, this can be only feasible for a very limited number of in vivo 
106 
applications, such as the retina of the eye (Nelson 2010). For applications with requires navigation 
of microrobots in the vascular network or other microenvironments deep within the body, it is not 
possible to use vision-based systems, rather, other imaging modalities must be used which includes 
ultrasound (US), Positron Emission Tomography (PET), x-ray or Computed Tomography (CT), 
and Magnetic Resonance Imaging (Martel 2013). Among the list of imaging modalities, MRI is 
among the most popular choices due to minimal health effect under prolonged and number of use. 
In addition, a modified MRI systems can be used for controlling magnetic microrobots (Martel 
2013, Diller and Sitti 2013, Nelson, Kaliakatsos, and Abbott 2010). Current generation of 1.5T 
MRI scanners insufficient for real time localization of microscale particles. While it is possible to 
resolute particles on the order of 10 micron, the sampling time becomes a few minutes (Martel 
2013). However, it have been shown that a 9.4T MRI scanner is feasible for human use (Vaughan 
et al. 2006), thus, the size limitation for detecting particles can be significantly reduced. While it is 
not possible to reproduce a 9.4 T magnetic field in the laboratory, it is possible to mimic the local 
effect of MRI localization at the milliscale. Hence, for a laboratory setting, it is necessary to develop 
a sensor array that is calibrated for localization (Nelson 2010, Hu 2005, 2006) in order to mimic 
the function of MRI and to validate this concept. A nonlinear least squares optimization will be 
used to solve the inverse-problem of finding location and orientation of the microswimmer from 
the outputs of the magnetic senor array.  
 Future Work: Microswimmers in Complex Fluid 
For in vivo applications, microswimmers will encounter environments that are non-
Newtonian and heterogeneous in the microscale, which will encompass viscous and elastic 
responses on the microswimmers. Therefore, it is essential to understand the mechanical 
deformation, hydrodynamic forces, and contact forces in non-Newtonian fluids. 
In heterogeneous environments, microscale mechanical response of complex biological 
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media can influence microrobot swimming. First, since bio-materials in mucus and tissues are 
compliant, they can deform in response to stresses generated by moving bacteria. This deformation 
can affect swimming properties; recent experiments have shown that nematodes in granular media 
[46, 47] push aside granules as they swim, leaving a voided path behind them. Are there analogous 
effects in soft biomaterials, and what are the implications for locomotion? Second, the microscale 
mechanics of the medium components generates the macroscale material properties (bulk moduli) 
of the medium. The work described above has begun to explore how these macroscopic parameters 
affect swimming through altered flows and stresses on flexible swimmers which alter swimming 
motions. How does microscale response change these results, which are based on homogeneous 
models of viscoelasticity? 
Experiments probing swimming dynamics in inorganic and organic complex media will 
extend the understanding of the mechanics of propulsion in complex bio-environments. 
Microswimmers will be placed in complex media with characterized properties. The movement of 
the microswimmer will be observed under 100× and recorded via a high-speed camera. The 
resulting videos will be analyzed by using a tracking algorithm to extract information such as 
velocity, trajectory, mean squared displacement, and orientation. The obtained swimming 
properties will be correlated with medium mechanical properties and surface interactions to identify 
resulting modes of locomotion. Developed modeling will be modified to include the filamentous 
structures of the medium, as well as surface interaction forces. The modeling will play a key role 
in isolating the effects of surface interactions: it is impossible to remove hydrodynamic interactions 
in the experiments, but possible in model simulations, allowing us to conclusively identify behavior 
resulting from surface interactions.  
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Appendix A: Magnetic Control System for Microswimmer Actuation 
 
 
 
The use of magnetic fields for wireless actuation of micro- and nanoscale swimmer is a 
prominent method. Chemical fuels such as hydrogen peroxides are toxic in the body; and velocity 
and directional control are limited by the need to apply chemical gradients (Hong et al. 2007) or 
magnetic fields (Kline et al. 2005). Electrophoretic methods require close-range electrodes 
(Steager, Sakar, Kumar, et al. 2011, Kim, Kim, et al. 2013) and are affected by ionic screening or 
nearby conductors. Magnetic fields can permeate over long ranges with minimal health effects and 
easily transmit large amounts of power for propulsion, motion control, and tracking similar to MRI 
localization (Abbott et al. 2009, Nelson, Kaliakatsos, and Abbott 2010). For microswimmer 
control, a magnetic field generator was designed and constructed using an approximate Helmholtz 
configuration.  
 
 
  
 
 
A control system is used to generate the necessary rotating magnetic field to actuate the 
microswimmers (Figure 7.1a). The control system consists of three pairs of electromagnetic coils 
Figure 7.1. Control system for magnetic actuation of microswimmer. (a) Schematic of control 
system. (b) Photograph of the magnetic field generator which consists of 6 coils arrange in 
approximate Helmholtz configuration. (c) FEM simulation of a magnetic field generated from the 
magnetic field generator. 
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arranged in an approximate Helmholtz configuration, three programmable power supplies (Kepco), 
a NI data acquisition (DAQ) controller, a workstation computer, an inverted microscope (Leica 
DM IRB), and a high speed camera (Fastcam SA3). Through the use of a DAQ controller, the 
programmable power supplies can generate sinusoidal outputs to the coils to create a rotating 
magnetic field. The high speed camera provides visual feedback and records videos at a desirable 
frame rate (60 fps). The computer is used as a control interface for the camera and the DAQ 
controller.  
The coil system is designed to exert constant torque on the microswimmer without 
introducing translational force. The coils are arranged in a slightly different configuration than that 
of the normal Helmholtz coil. Conventionally, Helmholtz coil restrict the distance between two 
coils of the same size to be the radius of the coils. Given the space constraint of the microscope, 
the configuration was designed to optimize the magnetic field profile in order to create a near 
constant region at the center of the coils. In this study, the distance between the coils is equal to the 
outer diameter of the coils plus the thickness for the coil, creating a cube-like configuration for the 
3D coil system (Figure 7.1b). 
Computer simulation and direct measurements from a tesla meter were used to model the 
magnetic field generated from the 3D coil system (Figure 7.1c). With 1 Amp of current passing 
through two pairs of coils, the simulation result yielded a value of 5.06 mT at the center of the field, 
which matches the experimentally measured value of approximately 5 mT. The field profile was 
also investigated and the ability of the coil system was demonstrated to generate a near-constant 
magnetic field at the center region approximately within a 2 mm diameter. The size of this region 
approximately matches the size of the area where experiments take place. Given the size of the 
microswimmers being tested, the 2 mm region provides sufficient space needed for 
experimentation.  
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The magnetic field strength (mT), rotational direction of the magnetic bead (CW or CCW), 
and rotational frequency (Hz) of the field generated by the coils can be controlled through 
LabVIEW. The effective magnetic field (B) is the vector resultant of the x-, y-, and z-components. 
To create a rotation, there must be at least two pairs of coils; for example, one pair in the y direction 
and one pair in the z direction create a rotating field in the yz-plane. The two pairs generate 
sinusoidal outputs with 90° phase lag. For xy-planar control, the resultant field is expressed as 
۰ ൌ ܤ଴ ቎
sinሺߠሻ sinሺ߱ݐ ൅ ߶ሻ ı̂
cosሺߠሻ sinሺ߱ݐ ൅ ߶ሻ ȷ̂
cosሺ߱ݐ ൅ ߶ሻ k෠
቏ (7.1)
which rotates with angular velocity ω around the unit vector 
ܖ ൌ ൥
െ cosሺߠሻ
sinሺߠሻ
0
൩ (7.2)
which corresponds to the swimming direction, where B0 is the maximum amplitudes of the 
magnetic field generated by the x, y, and z pair coils respectively, ω is the rotational frequency of 
the field, ϕ is the phase, θ is the direction of rotation, and ݐ is time. For the approximate Helmholtz 
coil, the magnitude of the magnetic field B0 of a pair of coils is 
ܤ଴ ൌ ߤ଴݊ܫܴ௖௢௜௟2൫ܴ௖௢௜௟ଶ ൅ ݀ଶ െ 2ܦ݀ ൅ ܦଶ൯ଷ/ଶ
൅ ߤ଴݊ܫܴ௖௢௜௟
2൫ܴ௖௢௜௟ଶ ൅ ݀ଶ ൅ 2ܦ݀ ൅ ܦଶ൯ଷ/ଶ
 (7.3)
where µ0 is the permeability constant, n is the number of turns of the coils, I is the applied current, 
Rcoil is the radius of the coils, D is the distance between a pair of coils, and d is the position between 
the coil. At the center of the coil, which is the position where experiments takes place, the position 
d is equal to zero. For more details on the approximate Helmholtz coil configuration, refer to 
Cheang et al (Cheang et al. 2010). 
Using Equations. (7.1), (7.2), and (7.3), the field’s frequency, strength, and direction can be 
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fully manipulated. 
  
125 
Appendix B: Tracking algorithm 
 
 
 
A MATLAB tracking algorithm was developed for post-processing analysis of the 
microswimmers’ motions. Raw data from microswimmer experiments are video files (or sequence 
of images) taken at pre-set frame rates (fps). The tracking algorithm performs image processing on 
the individual frames of the videos. The analysis involved four main steps: image binarization using 
grayscale thresholding, final structure definition, size thresholding, and calculation of geometrical 
centroid.  In image binarization, the borders of the microswimmer were defined by setting a 
threshold defining a grayscale cutoff value and each individual frame was converted to a binary 
black/white image. After the structure edges were defined, the interior of the microswimmer was 
filled using an additional algorithm. To remove unwanted objects such as debris or out of focus 
particles, size thresholding was used to filter out objects bigger and smaller than the microswimmer. 
The size of the objects was defined as the number of pixel they occupied. At this stage, the only 
remaining object should be the microswimmer. After a binary image defining only the 
microswimmer was obtained, the geometrical centroid (x,y) was calculated. The same four steps 
were then performed on sequential frames. The distance between the centroids of the consecutive 
frames was calculated based on the pixel-to-pixel distance, which was then converts to the 
displacement of the microswimmer during the time interval. The displacement divided by the time 
interval of the consecutive frame yielded the instantaneous velocity.  
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Figure 7.2. Tracking of a microswimmer using image processing in four main steps. (a) Original 
image, (b) image binarization using grayscale thresholding, (c) structure definition, (d) size 
thresholding to remove smaller and larger objects, and (e) calculation of geometrical centroid shown 
as a red dot. 
127 
Vita 
 
 
 
U Kei Cheang was born in Macau, China. He immigrated to the United States in 1995. He 
received his bachelor's and master's, BS/MS, degree at Drexel University in Mechanical 
Engineering through an accelerated degree program. U Kei worked as a mechanical engineer at 
Metrologic Inc., a research engineer at ECRI Institute, and an instructor in the Goodwin College at 
Drexel University. Since 2010, U Kei has been pursuing his Doctorate in Mechanical Engineering 
at Drexel University under the supervision of Professor Min Jun Kim. He initially studied 
flagellated microswimmers as a mimetic device for low Reynolds number locomotion. After 2012, 
U Kei focused on bead-based microswimmers which is the main work in this thesis. While at 
Drexel, he received the National Science Foundation Graduate Research Fellowship (NSF-GRF), 
National Science Foundation East Asia and Pacific Summer Institutes (EAPSI) Fellowship, 
National Science Foundation IGERT Program affiliation, and the Provost Fellowship. 
 U Kei had published 8 journal papers, with 4 as first author. He had published in Applied 
Physics Letters, Journal of Micromechanics and Microengineering, Nano Convergence, Physical 
Review E, and Journal of Nanoparticle Research. He had authored conference papers in IEEE/RSJ 
International Conference on Intelligent Robots, ASME Dynamic Systems and Control Conference, 
3M-NANO, IEEE-CYBER, ASME-JSME-KSME, ASME International Mechanical Engineering 
Congress and Exposition, and US-Korea Conference on Science. U Kei also authored 2 book 
chapters in CRC press and Elsevier. 
 
  
